General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA TECHNICAL 

MEMORANDUM 


NASA TM X- 7 1913 


CO 

i 4 

0 

1 1 

c- 

1 

X 

(NASA-TE-X-7191 3) A 

SUSS A* 


EEPFCPMANCE AND COST 

FESULT 

t— 

(NASA.) 22 p HC fi.50 


< 

CO 

< 



Y OF THE ECAS N76-22668 

s fob phi: systems 

CSCL 10B 

Unclas 

G3/U4 26873 


A SUMMARY OF THE ECAS PERFORMANCE } 

AND COST RESULTS FOR MHD SYSTEMS 


bv G. R. Seikel, R. J. Sovie, R. K. Burns, 

G. J. Barna, J. A. Burkhart. J. J. Nainiger, 
and J. M. Smith 
Lewis Research Center 
Cleveland. Ohio 44135 

TECHNICAL PAPER to be presented at 
the Fifteenth Symposium on the Engineering 
Aspects of Magnetohydrodynamics 
Philadelphia, Pennsylvania, May 24-26, 1976 


AN* A ' 

/£' Mfly I97P < 

fcCDVEO 

V FAC IUH 

”, "‘fW 6 ' 




A SUMMARY OF THE ECAS PERFORMANCE AND COST RESULTS FOR MHO SYSTEMS 

G. R. Seikel, R. J. Sovie. R. K. Burns, G. J. Barra, 

J. A. Burkhart, J. J. Nainiger, and J, M. Smith 
NASA Lewis Research Center 
Cleveland, 


Abst ract 

The interagency-funded, NASA-coordinated 
Energy Conversion Alternatives Study (ECAS) has 
studied the potential of various advanced power 
plant concepts using coal and coal-derived fuel. 
Principle studies were conducted through prme 
contracts with tne General Electric Company and the 
Westinghouse Electric Corporation. Tne results 
I indicate that open-cycle coal-fired direct-preheat 
j MHD systems have potentially one of the highest 
coal -pi le-to-bus-bar efficiencies and also one of 
'the lowest costs of electricity (COE) of the 
[ systems studied. Closed-cycle MHD systems may 
i have the potential to approach the efficiency and 
COE of open-cycle MHO. The 1200-1500 F liquid- 
metal MHD systems studied do rot appear to have 
the potential of exceeding the efficiency or com- 
peting with the COE of advanced steam plaits. 

I. Introduction 
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resources required to implement development of the 
first co'-iiercial plant (Task 3). The plants 
studied in Tasks 2 and 3 include an open-cycle 
MHD/steam plant, three advanced steam plants, 
four combined-cycle plants, a closed-cycle gas 
turbine plant, a potassium topping plant, and a 
high-temperature f uel -ce I I /s team plant. 

The two contractors took different approaches 
in forming their respective ECAS teams. General 
Electric Corporate Research and Development 
formed a core team to insure comparable treatment 
of systems. The core team included the Bechtel 
Corporation, the Foster Wheeler Energy Corpora- 
tion, and various departments of the General Elec- 
tric Company. In addition, the G.E. team in- 
cluded a: advocate for each type power plant. 

Avco Everett Research Laboratory, G.E. Space 
Products Division, and Argonne National Labora- 
tory served as advocates for the open-cycle, 
closed-cycle, and liquid-metal MHD systems, re- 
spect ively. 


Using common ground rules, the Energy Conver- 
sion Alternatives Study (ECAS) has studied various 
advanced power plant concepts using coal or coa I - 
derived fuel. Thi* unique effort combines re- 
sources of three U.S. agercies (N3F, ERDA, aid 
NASA) and the contracted expertise and exoer encr 
[of teams led by the General Electric Company aid 
[ the West inghouse Electric Corporation. Independent 
| comparative evaluation studies and overall coordi- 
nation were provided by NASA's Lewis Research 
Center. 


ECAS involved a broad base of both U.S. Fed- 
eral and private sector part icipat ior . An Inter- 
agency Steering Committee provided to NASA the 
necessary guidance and direction for study execu- 
tion. The steering committee receivec advice and 
counsel from two supporting panels: An Inter- 

| agency Technical Review Panel and a Utility Ad- 
visory Panel with memoers drown from the utilities, 
the Electric Power Research Institute, and the 
Sierra Club. In addition, NASA received direct 
[technical support from ERDA for al ard coal-de- 
I rived fuel data and from EPA for guidance on en- 
vironmental constraints. In support of the MHD 
[studies, an advisory panel of ERDA MHD experts 
[served as consultants to the Lewis in-nouse MHD 
i s taf f . 


ECAS included three primary tasks, parametric 
'analysis (Task I), conceptual design (Task 2), and 
| implementation assessment (Task 3). In Task l* - ^, 
j ten types of power plant conceots were analyzed 
| parametrical ly: three 'ypes of MHD systems (oper- 

I cycle, closed-cycle, aid liquid-metal), two ope: - 
cycle turbine systems (simple and combined cycle), 
[four closed-cycle turbine systems (advanced steam, 
'gas turbiie, liquid metal Rankine. and supercrit- 
I i ca I C 02 ) . aid fuel cells. 


On the basis of the parametric results, II 
specific power plants were selected for conceptual 
design (Task 2) 5 "^ aid for assessment of the 


In contrast. Westinghouse Electric Corpora- 
tion Research Laboratories organized their team 
primarily by power-plant type with responsibility 
for .ach type being assigned to a specified divi- 
sion of West i ngnouse. The responsible divisions 
in turn received assistance from a common compo- 
nents, balance of plant, and materials supporting 
team, which includes Chas, T, Main, Inc. The 
research laboratories were responsible for all- 
type MHD systems. 

The supporting Lewis Research Center ECAS 
team received assistance from Burns ana noe, Inc. 
and subcontractors to them. Relevant to MHD 
systems, the major subcontractors were: the 

FluiDyne Engineering Corporation wno provided 
data on ceramic high-temperature preheaters, the 
Magnetic Corporation of America (MCA) who pro- 
vided data o superconducting magnets, and the 
Westinghouse Electric Corporation (Chemical En- 
gineering Research) who provided data on an 
oxygen blown intermediate BTU gasifier. Other 
companies that participated were: Airco, Inc. 

(oxygen plants, argon purifiers), Air Products 
and Chemicals, Ire. (oxygen plants), ASEA Ltd. 
(DC-AC inverters), Combustion Engineering, Inc. 
(combustors), CT I -Cryogen i cs (helium and oxygen 
plants), Elliott Company (compressors), Linae 
Division of Union Carbide (oxygen plants), 
Petrocarb, Inc. (coal-feed systems), Research- 
Cottrell (precipitators), and Zurn Industries 
(metallic heat exchangers). The ERDA Pittsburgh 
E’-crgy Research Certer and the University of 
Tennessee Space Institute also contributed tech- 
nical and costing data on their respective multi- 
stage and single-stage MHD coal combustors. 

This paper first briefly presents a general 
introduction to MHD power plants and then de- 
scribes the ground rules the contractors used in 
performing ECAS. It summarizes: 

1. The ECAS Task I results for all three type 
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MHO systems studies by the C.E. team, the 
Wcstinghouse team, and tne supporting Lewis 
Research Center team, 

12, The Task 2 open-cycle MHO/steam plant perform- 
ance and cost results by tne C.E. team. 

| 3. How the MHO systems studied in each task com- 
pare iri performance aid cost of electricity 
with the alternative plants studies. The 
sensitivity of the comparison to various eco- 
nomic ground rules will also be discussed. 

For convenience, the discussion is organized 
by type of MHD system. The open-cycle MHO Task 
I and 2 results are considered first followed 
respectively by the closed-cycle and liquid-metal 
MHO results. 

MHD P ow er Plants 








Magnetohydrodynami c generators produce elec- 
tric power by passing a high-velocity coi ducting 
fluid through a strong magnetic field. The con- 
ducting fluid may be either a cor duct ing gas, a 
plasma, or a liquid metal. Two types of plasma 
MHO systems have been studied as part of ECAS. 

The simplest of these in concept is the open-cycle 
MHO system. Ir i t an alkali -metal compound is 
added directly to very high- temperature combustion 
products aid used as tne MHO generator fluid. The 
other plasma MHO generator system is closed-cycle 
MHD, in which a very pure inert gas is raised to 
high temperature in a heat-exchanger system and 
seeded with a pure alkali-metal to produce the 
MHO generator fluid. The interest in closed-cycle 
systems stems from the fact that, if the working 
fluid can be kept sufficiently pure, equivalent 
coi duct i v i t i es of the working fluids can be ob- 
tained at only 3000°F compared with approximately 
f*500°F for the open-cycle systems. 


Two types of liquid-metal MHO (LMMHD) systems 
have also been proposed. In both, a mixture of a 
liquid metal and a gas is raised to a high tem- 
perature and expanded to high velocity in a nozzle 
as a foamlike substance. In one type of liquid- 
! metal system, this foanlike mixture is used di- 
rectly as an MHD working fluid. After exiting the 
MHD generator, the gas and liquid metal are then 
| separated. In the alternative scheme, the gas and 
j liquid metal are separated at a high velocity 
after leavirg the nozzle and only the liquid metal 
j is passed through the MHO generator. In ECAS only 
the foamlike MHO generator system was investigated 
The alternative concept, whicn had been previously 
Studied ii some detail" 1 by the Jet Propulsion Lab- 
oratory (JPL) , was not iieludcd. This decision 
was based upon consultations with tne leading U.S. 
experts in liquid-metal MHD. irclud ng JPL. It 
was unanimously agreed that the foamlike MHD gen- 
erator systems had a higher probability tnar the 
alternative LMMHO co'ccpt of bei'g competitive 
within the ECAS ground rules in terms of both cost 
j of electricity and performance. 

The MHO power systems are of interest for ad- 
vanced power plants primarily because of their 
high performance potentials. Their performance 
potential is directly related to their maximum 
temperatures. Since open-cycle systems operate 
with the highest temperatures, they have the 
highest level of performance potential. Closed- 
cycle systems have the next highest performance 


potential, and liquid-metal systems have the most 
1 i mi ted potent i a I . 

In all types of MHD generator systems, the 
MHO vorking fluid exits the generator at a rel- 
atively high temperature. To obtain high-perform- 
ance power plants, the sensible heat in the MHO 
exhaust must be utilized. This is accomplished 
both by transferring it to n bottoming cycle, 
generally a steam plant, and by utilizing it in 
recuperative ai d/or regenerative heat exchangers. 
From the standpoint of mating the MHO topping 
cycles with steam bottoming cycles, it is gen- 
erally not advantageous to use steam bottoming 
plants that are as efficient as the best free- 
standing steam plants. 

Specifically, the best combined plants will 
use less regenerative feedwater preheating than 
is used in a conventional steam plant. As a re- 
sult the MHD systems generally carnot take ad- 
vantage of the higher performance bottomiig plant, f 
This is particularly significant in the coal- 
fired liquid-metal-type systems. 

F 

The MHD systems have a number of general 
features that pose economic penalties on them. 
Because they are more complex than steam plants, 
construction times for MHO systems are estimated 
to be longer than for steam plants. This results 
in large escalation and Interest costs during 
co-struction for the MHO systems. Because the 
MHO systems produce di rect-currert power, they 
require costly inverter systrms to convert this 
power for alternating-current transmission. In 
addition, the MHD systems ore one of the least 
developed concepts considered in i-CAS, 3ccausc 
of the additional unknowns concerning components 
and plant design, design allov>ances in either 
major conporcnts or balarce-of-plant costs were 
included in some cases. In the Task 1 studies, 
General Electric added a 10 percent design al- 
lowance in balance of plant, and Westinghouse 
added an additional contingency to some specific 
components such as magnets. Equivalent addi- 
tional costs were not charged to the systems that 
use lower temperature ar d less exotic working 
fluids and have a higher state of development. 

Clearly, there are major uncertainties in 
estimating cost and performance for system compo- 
'ents that have never been built and tested or 
for which only small-scale experimental results 
exist. Thus ir order to practically carry out 
the MHD portion of ECAS, a rumber of fairly prag- 
matic assumptions were required. Some of these 
may seem quite optimistic in terms of performarce 
and cost; others may be conservative from the 
standpoint of underestimating future development. 

On the conservative side, a conscious effort 
was made to favor system concepts and to limit 
component temperatures to those that could be 
best defined and costed and for which there was 
the least stretch of existing technology. Thus 
for a system such as MHD, which is in its early 
stages of development and more than a decade 
away from being a commercial power plait, pos- 
sible technology developments may be underesti- 
mated. Specifically, some potentially attrac- 
tive concepts were not included, not because of 
their lack of potential, but because they could 
rot be sufficiently well defined for adequate 
performance and cost estimating. 
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Because of the t . me limits O" the study. Task 
1 performat ce aid cost est nates were done In 
parallel except for a few points. As a result, 
;most ports selected were based on tne collective 
i Judgmer t at the start of tne study as to which 
points would be most st'rac ve. This limi'at'or 
led to tne choice of better pc.nts for those 
systems for wh ch more pr or parametr c studes 
had beer performed. Amo- g tne ’ nree 'ypes of MHD 
I systems stud ed, th s tended to favor tne oper - 
cycle systems, but in general this res f nct or 
penalized tne more adva> ccd systems for wnich ex- 
tensive studies had rot bee’ previously conduc'ed. 
Even in selecting the Tas*- 2 open-cycle system to 
be studied, the system cnaracter sties aid opera- 
ting conditions were not opt r zed but were based 
on only slightly modifying O' e of the niore attrac- 
tive Task I G.E. points. 

On the optimistic side, it was assumed tnat 
| there are no unsolvable MHD development barriers 
despite the lack of any real operate g life data 
Ion critical components. Performance estimates 
l have beer made based on theory and extrapolation 
i from relatively small-scale e.-tper ments. In Task 
j 1 questions associated with oower plant life ard 
! ma.ntenance were addressed only in a limited 
marirer, both ecoroi"' ca I ly and in terms of the ma- 
terials problems they posed. In Task 2, a some- 
j whot more detailed examination of these problems 
was made. 

The at t ract i ver ess of the MHO systems relative 
to alternative adva-ced systems is affected by the 
I basic economic grourd rules used in comparing the 
I systems. The grourd rules used by the ECAS cor- 
i tractors are summarized br efly ir the followirq 
■section. The impact of usirc various alternative 
assumptions In calcula irg COE is discussed in the 
! last sectioi of th s paper. 

I I . ECAS C rou' d Rules 

To achieve common and consistent treatment of 
t systems ir ECAS, the coi tractors were given a 
j common set of spec i f i ca t • or s ard ground rules. 

, Table I summar zes a number of the more important 
I of these. Except as noted, these groui d rules 
were specified by the Lewis Research Cer ter with 
the assistance of the supporting agencies and tne 
Utility Advisory Panel. 

It is important to note that the economic 
ground rules cr.osen can significant I . affect the 
apparent relative attractiveness of alternative 
systems. Therefore, the raw contractor results 
must be viewed in this perspective. 

The contractors were requested to present 
their results in a common format from which the 
j results can easily be translated to alternative 
ecoromic grourd rules for alternative interpreta- 
! tions. The impact or the results of four possible 
alternatives will be H'.istrated in tne last sec- 
[ t ion of this paper. 

In surnnarv, e contractors results a c sume 
that cor st ruct ioii of all plan s >S initiated m 
the base year (mid 197 ** for ’sk I, m d 1975 for 
Task 2). Interest during c.o structio/ ard escala- 
I tion are ircluded it the plant capital costs; thus, 

( these are also ircluded r the cost of electricity 
capital charges. Opera - mg jrd ruii terimee cost 
and fuel costs used to calculate mst of elec- 


tricity were, however, specif ed and held f xed 
at the spec fied cost. Thus, they do rot include 
ary increases due to inflation. 
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The contractor overall efficiency results do 
irclude all processes required to convert from 
coal to appropriate high voltage AC power for 
transmission (500 kV 60 Hertz for large plants). 
Thus, for systems using clean or semi-clean coal- 
derived fuals, the efficiency of the coal to 
fuel conversion has been included ir. the overall 
energy efficiency. 

The intention of having independent and 
parallel contractor studies in ECAS Task I was 
well served. For although the common ground 
rules were used by both contractors, substantial 
capital cost differences were obtained for equi- 
valent power plants. Generally the G.E. team 
estimated higher capital costs. This was in part 
related to higher estimates for balance of plant 
costs. 

In reference 3. NASA examines for comparative 
purposes various cost estimated using the ECAS 
Task I grourd rules for equivalent steam power 
plarts. Capital cost for G.E. ad Westingnouse 
are $675/kWe and $k68/kW e , respectively, a dif- 
fers ce of $207/kW c . NASA, in addition, devel- 
oped three other cost estimates. Ir conjunction 
with Holllfield National Laboratory a estimate 
of $52 1 /kUp was nwde using the "CONCEPT' 1 program. 
Burns and Roe, Inc. adapted a recent plait budget 
estimate to the ECAS qrourd rules and desired 
equivalent p I a > t ; the resulting capital cost os- 
' .irate was $507/kW e . A final alternative esti- 
mate of $5l6/kU e was obtaned by NASA bv esti- 
mat . t g the cost of modifying the TVA Bull Run 
plant to make it cquivalert to the contractors' 
plants. 


f sunmany, because of the relatively large 



difference* in "tusk I cost ng, caution must be ex* 
ercised ir comparing the results of tne G.E. aid 
the Westinghouse studies with each other. Each 
contractor's Task I study should, however, be gen- 
erally self-consistent. The level of detail in 
Task I was structured to obtaii broad parametric 
coverage of the ten conversion systems and 
! focused on obtaining comparisons on a relative 
| not absolute basis. In Task 2 the greater level 
of detail permitted a more definitive plant de- 
sign cost. 

III. Open-Cvcie Magnetohydrodyr amic Systems 

Open-cycle MHD power systems are of interest 
for advanced power plu ts primarily because of 
their high performance potential. This potential 
is the direct result of their high maximum op- 
erating temperature. The MHD working fluid ex- 
| iting the generator is also at a relatively high 
temperature, aid this heat must be utilized i- 
u.'der to obtair high efficiency. This is accom- 
plished by using the MHO generator exnaust to pre- 
| heat the oxidizer (a d sometimes the fuel) aid to 
produce additional power • j bor-<-miin p|a t. Ii 
| additior to a large lumber of possible MHO oper- 
' atirg parameters, there are many differert con- 
figurations for such an MHD pla> t. These involve 
j a variety of bottoming cycle types a d their In- 
tegration with the MHO cycle, a variety of methods 
1 of preheating the ox i dart, and a range of possible 
' fuels ad oxidants. A representative sample of 
such var'ations has beer studied in ECAS. 


S ummary of Results 


Task i . General Electric studied 30 parametric 
cases, 23 of which used direct-coal firing and 7 
of which used so I vent -refined coal (SRC) as the 
fuel. All but one case used a steam bottoming 
cycle; that exception used a gas-turbine bot- 
toming cycle. All but two cases used a high-tem- 
perature (2000OF and higher) regenerative neat ex- 
changer to preneat tne air with MHD generator ex- 
haust gas (i.e., direct air preheat). One used 
lower temperature (I500°F) direct air preheat 
with oxygen enrichment, and the other assumed the 
air to be preheated by a separate clean fuel gas 
from a coa I gasifier (i.e., indirect air preheat) . 


Westinghouse studied 39 parametric cases, 34 
| of which were direct-coal fired ard 5 of which 
j used a low-BTU fuel gas obtained from ui irte- 
grated gasif er. Half of their dir’ '-coal-fired 
cases used direct air prereat to about 2400°F, the 
others assumed direct air preneat to as high as 
' 2400°F, followed by additional heating in ar in- 
direct air preheater. The fuel for the irdircct 
air preheater was the volatiles obtained by car- 
boiiziig the coal before using it i the nair com- 
bustor. All the Westinghouse cases used a steam 
' b' ttomi ng cycle. 




The G.E. coal-fired cases ranged from 44 to 53 
percent in overall efficiency and t ne i r SRC cases 
ranged from 40 to 4 3 percent. The efficie-cy of 
SRC fuel cases is reduced by the 7d percent fuel 
conversion efficiency; their power piant effi- 
ciency, not including tnis fuel conversion effi- 
ciency, ranged from 52 to 59 percent. The costs 
of electricity (COE) ranged from 41 to 48 mills/ 
kw-hr. 


neat cases range from 44 to 49 percent in effi- 
c i e' cy and 27 to 31 mills/kw-hr in COE. The coal- 
fired cases with direct and indirect air preheat 
rar ge from 44 to 54 percent in efficiency and 27 
to 35 mills/kW-hr in COE. The higher efficiency 
was obtained by a i r preheat to about 3500°F. With 
indirect air preheat to about 3000°F, 50 percent 
efficiency was obtained. The cases using low-BTU 
fuel gas ranged from 46 to 54 percent in effi- 
ciency and 34 to 42 mills/kW-hr in COE. 

For nearly comparable conditions, both G.E. 
and Westinghouse obtained efficiencies of 48-49 
percent. This is for a d i rect-coa I -f i red plant 
using direct-air preheat to 2400°-2500°F ard a 
3500 ps i / I 000°F/l 000°F steam bottom! g cycle. The 
results indicate that by using the best features 
of each, the efficiency could reach 50 percent. 

The cost estimates, however, are substantially dif 
ferert. The G.E. COE for these conditions is 43.9 
mills/kw-hr, aid the Westinghouse COE is 27 mills/ 
kw-hr. Most of this differeice is due to a dif- 
ference in plant capital cost estimates. The G.E. 
a d Westiighouse results were $H02/kWe aid $642/ 
kWe, respectively. The Westinghouse cost esti- 
mates for several of the major compor ents were 
higher tha' G.E.'s. Ge eral Electric's estimates 
for balance-of-pla t materials and ir stal lat ion 
costs, however, were higher than West i nghouse' s 
estimates. Differences in the estimates of major 
compoieit costs can be resolved o ly after further 
technology dcvelopme t. The conceptual design 
completed in Task 2 essentially eliminated the 
balarice-of-plant cost differences. 

Both contractors show a loss in efficiency of 
about 3 percentage points associated with seed re- 
processing wnen high-sulfur coal is used. Alter- 
native reprocessing concepts with lower perform- 
ance penalties should be investigated. Tne system 
with an integrated gasifier and in-bed sulfur re- 
moval appears to have the potential to be compet- 
itive with d i rect-coal -f i red MHD systems when 
hign-sulfur coal is used. 

Task 2. General Electric examined in greater 
detail and developed a conceptual plant design for 
a modification of one of their more attractive 
Task I points. This was a nominal 2000 MWe di- 
rect - 1 1 I i no i s t/6 coal-fired system with direct-air 
preheat to 2500°F, 9 atm. MHO combustor, and 0.3 
MHD ge' erator load parameter. it differed from 
Task I Base Case 1 in that a diagora! wall gen- 
erator was used to decrease inverter cost, a"d a 
split ecoionuzer was used to increase the steam 
bottoming plait efficiency. The resulting thermo- 
dynamic cycle efficiency was increased to 54$ or 
1.2 percentage points over the Task I value. The 
overall efficiency, lowever, remained at 48,3$ 
because after closer examination, a larger loss in 
efficiency was estimated for seed reprocessing. 

In the Task 2 conceptual plant design, a sub- 
stantial effort was made to develop a plant layout 
with lower ba I ance-of -p I an t costs. This plus 
other cost i r'prover.en t s resulted in a Task 2 power 
plant capital cost of $7l3/kWe, a reduction of 
$3&4/kWe from the Task 1 value whicn was, in ad- 
dition, estimated for a year earlier eco’omic base 
year. The corresponding cost of electricity for 
the Task 2 plant is 31.3 mills/kw-hr compared to 
43.9 mills/kw-hr for the corresponding Task I 
plant. 
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The Westinghouse coal-fired, d i rect -a i r-pre- 


Two major system comorents with s i gn i f i car 1 1 y 
higher Task 2 cost are the radia' t-hcat exchanger 
or furnace and the low-temperature-metallic-air 
heater. Upon more detailed examination, it was 
concluded tnat these components would be signifi- 
cantly more expensive (a factor of 3 to 4 times) 
than had been estimated in Task I. 


taili i. - rufommci umn rot iLuaoit #» • itTVMiNous-aMj.-riiD, 
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(Nominal plant output povtr, 2000 MWt . air preheated by direct firing.) 
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Coal t h# rvn 1 Input to 
combustor, *A.t 
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•r 
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2)00 

MHD inlet temperature, 

•f 
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44)4 
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MSS 

MIS 
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MH“> lalot pressure, eta 
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Compressor oslt pressure, 
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Airflow. lb/aec: 
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Primary 

24*3 
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Stcoodtr y 

M 
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power. KU* 

12W 

1j94 

1404 

Cflapttiirr power 
required ,• MV* 

)07 

541 

)77 

ftc iu turbine- generator 
output, MV* 
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555 

587 

Fleot |ron power 
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:cu 

1954 

199) 

(MHD power - Compressor 
power. Plent groat 
powar 

0.45 

0.5) 

0.52 

Auxiliary powar required. 
f*e 

4) 

55.4 

50.7 

Auxiliary powar/flont 

gross power 

0.0)1 

0.024 

0.025 

Cool thermal Input to 
oted processing. MVt 

213 

2)1 

311 

Coal for aead procaaalng/ 
Total coal 

0.052 

0.059 

0.070 

*id off lclency • (MHD 
power - Compressor 
pow*r)/Coal to combuetor 

0.2)8 

0.281 

0.279 

Steam-cycle efficiency (in- 
cluding generator; 

0.423 

0.400 

0.420 

Therm^d yoaalt afflciancy - 
(Cross powar/Coal to 
coabuator 

0.5)0 
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0.540 

Ovarall afflciancy • (Mac 
power /Tot el coal) 

0. 4f 7 

0.48) 

0.40) 
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TABLE 1. - CAPITAL COST DISTRIBUTIONS FOR OPEN-CYCLE KHD POVERPLANTS USING 
ILLINOIS #6 11 TUMI NOUS COAL AND DIRECT-FIRED A. PREHEATERS 


[Nominal plant output povar, 2000 MUe.) 


Component of 
capital coat 

Ttak 1 

Teak 2 

Ve a ting house 
baa* case 2. 

point 17 

General Electric 

base caaa 1 

1 eneral Electric 


Capital 

cost, $/hWe 


Dirac t coat: 




Major components and balance- 

214 

292 

210 

of -plant materials 




Direct alta labor 

78 

94 

42 

Indirect alta labor cost 

40 

04 

55 

Subtotal 


470 

m 

Architect and engineering 

2) 

50 

29 

services 




Contingency cost 

29 

104 

n 

Escalation and interest 

257 

• 80 

290 

during construction 




Total 

442 

110) 

71* 





Construction time. 

7 

7 

4.5 

yra 
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TABLI 4. - GENERAL ELECTRIC TASR 2 OPEN-CYCLE HHD 
COST DISTRIBUTION 


major components * ICS kVa) 

Installed coat 10* 1 

Coal procaaalng and injection 

7) 

equipment 


Magnet system 

44 

Air heaters: 


Nigh temperature 

27 

Low temperature 

59 

Seed recovery and reprocessing 

24 

Radiant furnace 

2) 

Steaa furnace - SH RH 

20 

Steam turbine/ generator 

25 

Inversion equipment 

47 

Subtotal 

m 

All other components and 

532 

balance-ot-plent materials 
plus additional direct and 
Indirect site labor 


Ict.l 10» $ 

b)2 

$7kWe 

-w— 


TABLI 1. - COST OF CLICTtlCITT FOR OPEN-CTCLF HMD ROVERPLANTS OS INC ILLINOIS #4 
B1TVNIN01S COAL AND DIRECT-FIRED AIR PREMfATERS 


[Nominal plant output povar. 2000 “Wr ) 



• 

Task 2 

Component of coat of eloctrlcity 

Vast lngbouax 

General Elactrlc 

General Electric 


base caaa 2. 

base caaa 1 



point 17 




Coot of 

electricity. 



atlle/kW-hr 


Capital cost 

20.) 

14 . 9 

22.7 

uparaclng and maintenance cost 

0.8 

7.R 

1.7 


4.0 

4.2 

7.) 

Total 

1LA 

4). 4 

UJ 


Open-Coal-Fi red MHO Cycle 

Figure I shows a representative nHD cycle. 

After proper preparation, the primary coal is sup- 
plied to the MHO combustor along with compressed 
air that has been preneated to a nigh temperature. 
Generally, a large fraction, 30 to 90 percent of 
the coal slag is assumed to be rejected directly 
from the MHO combustor system. The combustor is 
assumed to operate fuel rich to reduce H0X prod- 
uction. The alkali-metal seed, a potassium com- 
pound, is added to the nominally 4500°F exhaust of 
the combustor. 

The flow is expar ded at a high subsor ic Mach 
-umber through the MHD generator with its super- 
conducting magret. Since the MHO generator elec- 
trical output is direct current, this power is 
take through an inverter system to be converted to 
alternat rg current for t rar smi ss ion. After the 
r* ’0 flow is diffused, it is taken iito a radiait 
heat exchanger. Heat losses in the combustor 
system, the MHO generator, and the diffuser are 
used in the steam bottoming plant to heat super- 
cri t ical steam. 

In the radiant heat exchanger, the flow is 
further cooled and additio al slag is removed. 
Secondary air is also added to complete the com- 
bustion. Residence time in tne radiant heat ex- 
changer must be sufficiently long for the nitrogen 
oxides (tlOX) concentration to approach its accept- 
able equilibrium level. Typically, seco ds of res- 
idence tine are required at approximately 3000°F. 
The addition of the secondary cooling air to com- 
plete combustion actually causes a cooling of the 
flow at these conditions. 
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After leaving the radiant heat exchanger, the 
flow is conventionally assumed to enter a periodic 
refractory cored-brick regenerative heat-exena: ger 
system that is used to provide the h i gh-temperature 
air preheat. The G.E./Avco team assured suen a 
configuration and made use of a water-walled radi- 
ant heat exchanger designed by Foster Wneeler to 
provide heat to the steam bottomi-g plant. T ne 
Westinghouse team, on the other hand, assumed that 
a radiant high-temperature-recuperat ive-ai r-pre- 
heat heat exchanger could be co structed using 
superalloy tubes at its lower temperatures ad 
silicon carbide tubes at the higner temperatures. 
Although interesting in concept, cautio' must be 
.exercised because of the lack of any data on such 
la device. 

General Electric splits the exhaust gases after 
they leave the hi gn-temperature air preheaters, as 
{illustrated in figure I, to provide irput irto the 
low- temperature air preheater and the steam plant 
superheater a-d rehcater. This is recessary in 
order to avoid a pirch-poirt problem. Tne low- 
temperature air preheater neats air to IA00 1 T. 
Westinghouse chose an alternative location for the 
low-temperature air preneater and used a radio t 
heat exchanger upstream of the nigh-tenperature 
air heater. 

The combustion products are taken through an 
electrostatic precipitator and the economizer be- 
fore being exhausted via the stack. The alkali- 
seed compounds arc recovered by collecting them 
both via the precipitator a-d v>a soot-blowing 
techniques from the various low-temncrat ure heat 
exchangers. A small fractic of the hot exhaust 
may typically be diverted to a coal dryer which is 
(in parallel to the plant economizer. 


Since potassium can readily combine with any 
sulfur in the combustion products, it is predicted 
that such an MUD plant could meet sulfur oxides 
(SOX) emission standards even using high-sulfur 
coals as long as adequate seed is iijected as 
either potassium carbonate or potassium hydroxide. 

To meet this requirement, a large fraction of the 
seed that is collected as potassium sulfate must 
be processed in a sced-reprocess i ng plant to re- 
move the sulfur. Although the concept described is 
an attractive method of eliminating SOX emissioi 
from such power plants, operatio- of the seed re- 
processing pla-t does oose a significant perform- 
arce penalty for high-sulfur coal, reducing over- 
all efficiency by approx' mainly 3 percentage points. 
Seed reprocessing is discussed in more detail 
later in this section. 

Some of the compoents that are unique to MHD 
cycles are estimated to be particularly costly, 

Tne three most costly are, the high-temperature 
air preheaters, the inverter system, and the 
supcrcor duct ir g magret system. Other components 
which nay be costly arc tne low-tenperature air 
heater, the primary steam heat exchangers, (the 
radiant furnace and the super nea t er/rehea l er ) , the 
steam generator/turbine, the cool processing and 
injection equipment, and the seed reprocessing 
system. 

For typical cases, approximately two-thirds of 
ihe net electrical output of an MHO plant is from 
the MHD generator. The steam bottoming plant is 
sized to have a gross output approximate! y one- 
half of the 1 et cycle power. Part of this steam 
turbine power is used to drive the air compressors 
for the MHD topping cycle. 





Figure 2 surrrarizes the Task I and 2 overall 
efficiency and cost of electricity results for 
2000-KWe oper-cycle MHO plarts with steam bot- 
toming cycles. Only plants that use direct high- 
temperature air preheaters ard ether Illinois #6 
or SRC are shown in this figure. Other cases are 
discussed in references I, 2, ad 3- 

On the top of the figure, at high cost of elec- 
tricity, are the G.E. Task I Base Case I coa I - 
fired plants. At the bottom of the figure at rel- 
atively low cost are the Westinghouse Base Case 2 
direct coa I -fired plants. Clearly there are sig- 
nificant differerces in terms of cost of electri- 
city between the two sets of results. Tne G.E. 

Task 2 point is also at the lower cost level. The 
cause of these differerces is discussed later in 
terms of how the cost breaks dovn for representa- 
tive points. 

The agreement between the contractors in terms 
of efficiency is very good. Both teams show that 
d i rect-coa 1 -f i red MHO plant efficiencies in the 
neighborhood of 50 percent (coal pile to bus bar) 
can be obtained. Even closer agreement tnan is 
apparent in figure 2 was obtained by the contrac- 
tors. This is also discussed later in terms of 
representative poirts. 


Other types of Task I plants shown in figure 2 
are the G.E. Base Case 2 solvent-refined coal- 
fired plants, the Westinghouse Base Case I direct- 
plus-ind i rect-preheat-coa I -f i red plants, ad the 
Westinghouse Base Case 3 plants fired by the gas 
from an integrated L8TII fluidized bed gasifier. 

Discussion and Assessment 

Three general categories of specific cases are 
sunpnar i zed in figure 2. These categories are based 
upoi the relative heat -exchanger technology re- 
quired. The four points that are solid are judged 
to be well within present heat-exchanger tech- 
nology: 2000°F for slag- and seed-lade 1 ' flows aid 

2500° to 2600°F for relatively clean flows. The 
four points that are half solid form a second cat- 
egory. These are judged to require neat ex- 
changers that significantly exceed present tech- 
nology: 3100°F for dirty flows and 3500° to 

3600°F for relatively clean flows. The remaining 
points are judged to be within or at least only 
slightly exceeding present heat-exchanger tech- 
nology. 

As indicated in figure 2, for different sys- 
tems and contractors, different parameters were 
varied in Task 1. The only type of plant studied 
in common by both contractors was the direct-coal- 
fired type. Westinghouse varied the coal moisture 
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and pressure at a preheat temperature of 2400°F. 
Their results show the desirability of drying re 
Icoal from the 13 percent as received moisture 
level (Illinois //6) to 3 percent and demonstrate 
| that there is a pressure level that minimizes cost 
'of electricity. There is also a pressure level 
|that would naxinize efficiency, but the range of 
^parametric variations wos not sufficient to define 
the value. 

The G.E. direct-coal-fired cases examined the 
[effect of generator electrical loading for a o- 
atmosphere combustion pressure and a preheat tem- 
perature of 2500°F. They also exami ed the effect 
[of varying preheat temperatures at pressure levels 
that were judged reasonable. All the G.E. cases 
were for coal dried to 2 percent moisture. 

The results show that the efficieicy is very 
[sensitive to the generator loading, the ratio of 
I the generator voltage to its ooei -circuit value. 

A load parameter of 0.8 to 0.85 appears desirable 
for the case studied. In the Westinghouse study, 
a variable rather tha' a corstart loading parameter 
was used; they assumed a loading parameter at the 
MHO channel inlet of 0.82, which varied dowr to 
a value of 0.7 at the channel exit. 

The G.E. Task 2 plant is also direct-coal- 
fired with direct 2500°F preheat ar.d 0.8 load 
parameter. It has been modified from the similar 
Task I point to lower cost and improved efficiency. 
No net efficiency improvement was, nowever, ob- 
tained because performance increase resulting from 
using split economizers to imorove steam bottoming 
plant was offset by larger estimated energy re- 
quirements for seed reprocessing. This will be 
Idiscussed more fully in the comparison of represen- 
tative systems section. 

The G.E. Task I -data also show that efficiency 
is a strong function of preneat temperature. The 
) 2000°F and 3I00°F cases are all for a generator 
loading parameter of 0.8, Also indicated in the 
data is the desirability of raising combustor pres- 
sure with the preheat temperature. 

A large range of efficiency and cost is show 
for West i righouse ' s d i rec t -p i us- i rd i rect -prehea t- 
|Coal-fired cases. Generally, the data show that 
I the di rect-plus-i' di rect-preneat concept may offer 
potential for small performance improvements over 
the di rect-preheat-coal-f i red case. The eco omic 
penalties associated with this more complex system 
having two series high-temperature heat-exena ger 
trains would, however, reduce interest in further 
consideration of this di rect-olus-i- di rect-preheat 
[concept. Of particular interest is the curve of 
various pressures for which tnc combustor tempera- 
ture was maintained at V.00°F by diluting t ne com- 
bustor air with stack gases before it was com- 
pressed and preheated to 2933°F. This curve is of 
particular interest to Westinghouse since they 
feel that the use of their cera ic-li e cyclone 
combustor design philosophy is uncertain when the 
combustor temperature exceeds the 4400° 'o A5CO 0 
range. For the lower pressure levels and lower 
preheat temperatures of the di rcct-nreh-at-coo i- 
fired West ingnousc cases, this is not felt to be a 
problem since combustor temperatures are in the 
4400° to 4500°F range. 

The G.E./Avco team assumed a significantly dif- 
ferent combustor design pntlosophy. Tne Avco 


concept is more advanced. Their approach utilizes 
concepts more familiar to rocket technology than 
present coal-burning technology. The G.E. coal- 
fired systems had combustion temperatures in the 
4600° to 4700°F range. 

As indicated in figure 2, the Westinghouse 
LBTU-fired plants appeared to offer the highest 
efficiency potential. These plants remove the 
sulfur from the Illinois //6 coal in their inte- 
grated fluidized bed gasifier. As a result, they 
are not forced to pay the large energy requi rement 
that the di rect -coal -fi red plants must pay to re- 
move the sulfur in a seed-reprocessing plant. The 
only type of seed reprocessing that has been con- 
sidered in ECAS are pla ts that produce elemental 
sulfur. Future studies should consider alterna- 
tive configurations that would not produce elem- 
ental sulfur and would nave a much lower penalty 
for seed reprocessing. 

Although Westinghouse does estimate that the 
cost of electricity for the LBTU-fired cases will 
be above the cost for tne d i rect-coal -f i red cases, 
caution should be exercised. As shown in ref- 
erence 3, West irgnouse tends to be significantly 
higher in its cost estimates for both magnets and 
hign-temperature heat exchangers than either G.E. 
or Burns and Roe's subcontractors. The capital 
cost of the Westinghouse LBTU-fired cases is dom- 
inated by the combined cost of the hi gn-tempera- 
ture heat exchangers and the magnets, which com- 
prises approximately 60 percent of the major com- 
ponent cost. 

Parametric studies for LBTU-fired plants con- 
sisted of only three cases and some power level 
variations. Since no previous gasifier plant 
studies were available on which to base parameters 
of cases selected for study, these cases may be 
far from optimum. The Westinghouse studies did, 
however, indicate that LBTU gas may be a marginal 
MHD fuel because of its low heating value. Any 
additional studies should consider the possibi- 
lity of using oxygen enrichment of the air for 
either the gasifier or the MHO combustor or both. 
The effect of oxygen enrichment would be (I) to 
cut the mass flow of the gas to be preheated and 
thus reduce the preheater cost; (2) to ircrcase 
the combustor temperature, which in tur would 
increase the average MHO charnel power density 
and lower the magnet cost; and (3) to slightly 
lower the required preheat temperatures. 

The G.E. studies of solvent-refined-coal- 
fired plants showed that, because of its high-BTU 
content, SRC is an excellent MHO fuel. The power 
plant efficiencies for the SRC-fired cases range 
from 52 to 59 percent, but because of the c ergy 
losses associated with producing the fuel from 
coal, the overall e ergy efficiencies range from 
Orly 40 to 46 perce it. The cost of electricity 
for the SP.C-fired plants is, however, estimated 
in Task I by G.E. to be competitive with the coal- 
f i red plans. The SRC-fired plants have higher 
fuel cost but lower capital cost than the coal- 
fired plaits; therefore, i' any future studies, 
particularly of peaking MHD systems, fuels such 
as SRC deserve further consideration. 

Before discussing the results for representa- 
tive points, a few general observations are war- 
ranted. Detailed analysis of the MHD generator 
is important for two reasons; first, to 


determine what level of isentropic efficiency can 
be obtained when the heat losses and friction are 
Included; second, to determire the size of super- 
conducting magnet required for the MHO ge r erator. 

The Westinghouse charnel calculation and the 
core flow portion of the Avco cha> nel calculation 
were checked with NASA's own channel program. In 
both cases the agreement was within 5 percent. 

Avco considered all of the important u avoidable 
channel loss mechanisms, that is. boundary layers, 
voltage drops, heat transfer, and friction. They 
found that approximately 3 percent of the power 
generated was lost due to these factors. Westing- 
house did not calculate these losses, but or the 
basis of their prior experience assumed them to be 
10 percent. NASA therefore concludes that the two 
calculations are consistent to within 5 percent 
and realistically predict charrel sizes withi" li- 
mitations of ones ability to extrapolate the pres- 
ently available "snail’' chant cl experiments to 
large-scale power-plant designs. 

Considerations having to do with the MHO com- 
bustor system primarily deal with the quest on of 
how much slag can or should be rejected directly 
from this system. This in turn is connected witn 
questions having to do with seed-slag solubility 
and how well the seed and slag can be separated by 
the differences they have in temperatures of con- 
densation and solidification. Many believe that 
some slag will be required in the MHO generator to 
replenish the electrodes in order that lo g op- 
erating life channels can be obtained. It is 
uniformly recognized that recuperative and regen- 
erative heat exchangers will rot be tolcra t of 
large slag carryovers. Therefore, a high frac- 
tion of slag must be removed before the flow 
enters these comporents. 

If the combustion gases are to be cooled to a 
low temperature before entering the stack, this 
must be accomplished in the economizer since it is 
the lowest temperature heat exchanger in tiie sys- 
tem. As a result, there is a trade-off between 
regenerative feedwater oreheating in the steam 
bottoming plant and the economizer exit terocra- 
ture. In the G.E. Task 2 study, use of multiple 
economizer sections with addilio al regenerative 
feedwater heating between the eco onizer sections 
was used to minimize this problem. 

Since a plasma MHO generator produces its 
electrical output from a large | of elec- 

trically isolated electrode pairs, this poses some 
special consideration on the inverter system. Of 
particular note is the necessity of costly protec- 
tion of the inverter system from potentially large 
short-circuit currents, even though it is designed 
to operate rear open-circuit voltage. This is dis- 
cussed in more detail in reference 3. 



This section compares three similar dircct- 
preheat coal-fired systems o the basis of per- 
formance, capital cost, ard cost of electricity. 

Performance . In general the performance re- 
sults of the two coi tractors for the direct-coal- 
fired cases are quite close. A corporiso is dis- 
played in Table 2 for V/est i ngiiouse Base Case 2, 
point 17 aid the General Elcc’ric Task I n asc Case 
1 and Task 7 plants. These cases ire s ovm 


because they are closest in terms of power level, 
preheat temperature, MHO gererator inlet pressure, i 
ard fuel. All use Illinois #6 coal dried by ex- 
haust gases prior to combustion. West i nghousc as- 
sumed coal dried to 3 percent moisture, aid Gen- 
eral Electric assumed coal dried to 2 percent 
moisture. Westinghouse used 95 percent of stoichi- 
ometric ai, input to the combustor, and General 
Electric used 93 percent of stoichiometric air. 

In both cases the secondary air to complete com- 
bustior was injected into the gas stream in the 
component downstream of the diffuser. 

The thermodynamic efficiencies obtained by the 
contractors, shown rear the bottom of the table, 
are nearly the same for Task I but a point higher 
for G.E. Task 2. Ordinarily it would be expected 
that the General Electric results, with slightly 
higher MHD inlet te r T>erature and pressure, would 
have a higher efficiency than the Westinghouse re- 
sult. As shown, the efficiency of the MHD part of 
the cycle (defined here as inverter output minus 
compressor power requirement divided by combustor 
thermal input) is higher for the General Electric 
cases. However, in Task I Westinghouse used a 
higher steam-cycle efficiency, which in this case 
compensates for their lower topping-cycle effi- 
ciency. This is also reflected In the power split 
between the MHD topping cycle and the steam bot- 
toming cycle. With a lower MHD topping cycle ef- 
ficiency, more heat is available to the steam bot- 
toming cycle in the Westinghouse case. This to- 
gether with the higher steam-cycle efficiency re- 
sults in more steam turbine-generator power output 
for the Westinghouse case. As shown for Task 1 
in the table. 53 percent of the total output power 
is attributable to the MHD topoing cycle for the 
General Electric case; for the West i nghousc co - 
ditlors, only 1*5 percet t of the total power is due 
to the MHD toppi'g cycle. \ r Task 2, G.E. used a 
steam-cycle feedwater heater arra' oement which re- 
sulted in higher efficiency, 42 percent; this re- 
duced the faction of the total power due to the 
MHO topping cycle to 52 percent. 

As mentioned earlier, both contractors used a 
3500 psi/U)00 o F/l000 o F steam cycle. Westinghouse 
analyzed the system assuming all exhaust gas to 
Steam heat exchangers arc downstream of the com- 
bustion air preheaters. They used a steam cycle 
with 42 percent efficiency. General Electric an- 
alyzed a configuration that included a radiant 
steam boiler section downstream of the diffuser, 
followed by the high-temperature air heater, then 
the steam superheat er/rehcater section and the low- 
temperoture air preheater, and finally an exhaust 
gas to feedwater economizer. They used a steam 
cycle in Task I with regenerative feedwater 
heating to ?32°F, which results in a 40 percent 
cycle efficiency. In analyzing the system in Task 
2 of EGAS, General Electric considered a steam 
cycle with more regenerative feedwater heating 
by using a split ecoonizer which allowed addi- 
tional regenerative feedwater neatinq to be used 
between the high and low-t enperature economizers. 

In this way a 2 percentage point higher steam- 
cycle efficiency was attained while the exljaust 
gases were still reduced to the desirable stack 
inlet temperature of about 300°F. 

The difference between the thermodynamic ef- 
ficiency aid the overall energy efficiency shown 
In the table is due to the effects of plant aux- 
iliary power and sced-proccs s i ng requirements. 


i 
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;The thermo 1 inputs for seed processing are showr 
in the table in terns of cool-thermal input re- 
quired to produce the carbon monoxide and hydrogen 
used in processing the seed. Westingnouse used an 
on-site in termed i at e-BTU ( I QTU) gasifier, while 
General Flectric assumed the use of over-t he-fence 
LBTU gas In Task I and IBTU gas in Task 2. As 
shown in the table, the West i ngimuse approach re- 
quired a little over 5 percent of the total thermal 
input for seed processing coal, but in the General 
I Electric approach the 5.9 percent required in Task 
1 increased to 7.3 percent upon more detailed ex- 
amination in Task 2. The difference between con- 
tractors is in part due to the difference in gas- 
| Ifler type and is associated with locating it on or 
off site. The difference in gasifier location also 
affects the comparison of plant auxiliary power 
requirements. Of the 62 MV/e shown for the Westing- 
house case, I 1 * is required for the oxygen produc- 
tion for the IBTU gasifier. Without this power 
the Westinghouse auxiliary power requirements 
would have been 2.4 percei t of the gross plant out- 
put (rather than the 3.1 percent shown in the 
table) and would have been slightly lower rather 
than slightly higher than the 2.C and 2.5 percent 
I required, respectively, in the General Electric 
Task 1 and Task 2 cases. 

The ratio of auxiliary power required to gross 
! plant power (or the ratio of seed processing coal 
to total coal) is equal to the percentage loss In 
efficiency due to the auxiliary requirement. The 
product of this ratio and the thermodynamic effi- 
ciency is then approximately equal to tile loss in 
percentage points due to this requi rer cut. The 
auxiliary power requi rements account for about 1.6, 
1.5, and 1.4 percentage points loss in efficiency 
| for Westinghouse and General Electric Task I and 
2, respectively. The losses due to seed proces- 
sing are about twice as high, about 2.G, 3.1, and 
4:2 percentage points, respectively, for the same 
Westinghouse and General Electric cases. 

Capital Cost . Table 3 shows a comparison of 
the capital cost distributions for the representa- 
tive MHO plants. The total direct materials costs 
(the sum of the cost of the major components and 
other materials) is slightly higher for G.E. Task 
! I than for Westinghouse or G.E. in Task 2. 

For the unique MHO components, West ingr.ouse nas 
higher costs for two of the three most expensive 
| major compo ents: the high-temoerature preheater 
system and the magnet system. In Task I, General 
Electric had higher inverter system <-osts even 
i though both contractors base their estimates on 
essentially the same technology bases. This re- 
sulted from their use of a Faraday gc erator with 
a large rumber of independent relatively low power 
loads. The West i nghouse study used some exter-al 
diagonal connections to lower their inverter costs. 
G.E., in Task 2, used a diago-al wall generator 
with few loads to significantly reduce inverter 
system cost. 

In reference 3 the costing of MHO inverters. 

MHO superconducting rrugiets, and hi gh-tc~iocraturc 
heat exchangers is discussed in a comno components 
! sub-section of the open-cycle MHO system section. 

In summary, there is general agreement on costing 
Inverters. Cost estirotes for sunerconduct i ng 
MHD nagnetics by Magnetic Corporal iO> of America 
1 (MCA) and G.E./Avco are in good agreement, but 
* West i nghouse 1 s estimates arc approxi na te I y a 
I factor of two higher. Cost estimating methods for 


ref ractory-cored-brick high-temperature regener- 
ators by FluiDyne aid G.E./Avco are in general 
agreement except for basic cost per pound of the 
refractory brick for di rect -preheat -coa I -f i red 
cases. G.E./Avco estimates the brick cost for 
these cases to be 25</lb. FluiDyne judges that 
higher quality refractory brick will be required 
for these di rect -coal -f i red systems and estimates 
a brick cost of $1.15/16. As a result the over- 
all high-ten»erature-preheater cost estimates of 
FluiDyne arc double those of G.E./Avco. The 
Westinghouse studies assumed a silicon carbide 
aid superalloy recuperator which was estimated to 
be approximately 25 percent higher in cost than 
the FluiOyne regenerator estimates. 

In some of the other less expensive components 
including the coa I -hardl i rg system, the MHO com- 
bustor, and the MHD generator, G.E. has higher 
costs. The overall G.E. Task I materials and 
labor costs arc higher, primarily because sub- 
stantially larger costs for balance of plant were 
estimated by G.E.'s architectural engineer, 

Bechtel. This balance of plant ircludes all ma- 
terial and labor for plait construction after the 
major components have been delivered to the site. 

In Task 2, the G.E. team was able to re-examine 
the plant layout with an effort to reduce cost 
aid was able to substantially lower the balance- 
of-plant cost. 

Although both contractors give reasonable 
detail in their Task I breakdown of cost, each 
uses their owi system of breaking clown and cat- 
egorizing cost. It wa s, therefore, rot possible 
to make a detailed item-by-item cost comparison 
between the contractors. For the level of detail 
examined in Task 1 of ECAS, the total direct-cost 
comparison for the two contractors is reasonably 
good. 

In Task 2 a significantly greater level of 
detail was provided by the contractors. Table 4 
shows, for the Task 2 MHO plant, the installed 
cost for the nine components with a cost greater 
than $)0/kWe. The sum of these nine components 
comprises approximately one half of the total 
direct-plus-indirect plant costs. These compo- 
nent costs show the expected large reduction ir 
the inverter cost (almost a factor of two I'**" 
than the Task I results), but also show ttkn . „ 
lo\*-temperature air heater and radiant furt ace 
have increased significantly (a factor of 3 to 4 
higher than their Task i values). The I ow- tem- 
perature air heater has become the most expensive 
component in the system. Alteri g he cycle to 
reduce the cost of this air heater may be possible. 

In calculating total capital cost from the 
total direct cost, the two contractors have 
major differences in procedure (as discussed in 
the previous section on study groud rules). To 
calculate escalation and interest, both contrac- 
tors estimated the const ructio time of the Task 
I plants to be 7 years. G.E. i> Task 2 refined 
its construct ion time estimate to 6.5 years. 

Cost of Electricit y. Table 5 shows a com- 
parison of the cost of electricity for the three 
di rect -preheat -coa I -f i red-open-eye I c MHD plants. 

The capital charges are higher for G.E. because 
of their higher capital cost. The total fuel 
charges are also higher for G.E. because they used 
over-the-fence higher cost gas to operate their 
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seed-processing plants, and this was included in 
the fuel charges. The operating and maintenance 
(0 and M) charges were also higher for G.E. since 
they included additional costs above the normal 
1 steam plant maintenance charges for portions of the 
MUD plant. |n Task I, the in, crease to 0 and M 
cost used by G.E. was equal to 20 percent per year 
i of the initial capital costs of the MHO generator, 
diffuser, combustor, slagging boiler, and high- 
temperature air preheaters. These additions, how- 
ever, did not significantly raise the 0 and II. 

I Upon a more detailed examination in Task 2, G.E. 

1 determined that the 0 and M sliould be reduced as 
indicated in Table 5. West irghouse 1 s 0 and M 
charges were essentially equivalent to those for 
their steam plants. As indicated in the table, 
the total effect of the difference in costing 
i between G.E. and Westinghovisc causes G.E.'s esti- 
mated cost d electricity to exceed West i • ghouse' s 
by approximately 50 percent for Task I. The cost 
1 of electricity for the Task 2 G.E. plant is In 
relative close agreement with the previous 
Westinghouse result if one takes into account the 
i increase in fuel and labor costs between Tasks I 
and 2 and escalation associated with the cha ge 
of one year in the base year of the plants. 

j IV. Closed-Cycle, i ert-Gas Mannetohydrodyramic 
Systems 

Summary of Resul ts 

This study represents the first serious attempt 
to mate the closed-cycle, irert-gas MHO system with 
I fossi 1-fuel-f i red heat sources tor utilities ap- 
plication. Since there was no data base of re- 
i suits from previous studies, a variety of power 
plant configurations were considered, and some of 
the initially chosen configurations did not re- 
sult in attractive systems. The >->ntractors dif- 
fered in both the power-plant configurations con- 
sidered and in their approach to evaluating the 
systems pcrformn"ce. The initial configurations 
chosen in the G.E. Study were an MHO topping cycle 
using a clean over-the-fence fuel and a direct- 
coal-fired parallel cycle. The majority of the 
clean-fuel cases used solvent-refined coal with a 
conversion efficiency of 78 percent. As the study 
progressed, G.E. added two d i rect-coal -f i red MHO 
topping cycles. 

The MHO topped steam cycle was the only con- 
figuration considered by Westinghouse. The fuel 
used in the majority of cases was a low-BTU gas 
derived from an oi-Sitc gasifier that was closely 
coupled. Westinghouse evaluated t.ie system per- 
formance by doing efficiency calculations for a 
wide range of generator parameters and then opti- 
mizing the themodyi ami c efficiency for a given 
generator inlet temperature. The costs were then 
calculated for these optimum efficiency points. 

The costs were not optimized however. 

Besides the different powcr-plart configura- 
tions considered, variations in coal type, gen- 
erator inlet terperature (2400° to 3"00 & r) , gen- 
erator inlet pressure (10 to 20 atm), generator 
turbine effectiveness (0.6 to 0.0), and power 
level were also studied. 

The G.E. results for the parallel cycle a-^d 
the clean over-the-fence fuel MHO topping c,cle 
I indicate that these are not attractive systems . 

|_The overall energy efficiencies for the parallel 


cycle rarged from 35.2 to 39.1 percent, the cap- 
ital costs varied from $l654/kWe to $lC8o/kWe, 
and the COE from 66 to 73 mills/kW-hr. The power 
plant efficiencies for the clean-fuel MHO top- 
ping cycles are much higher (35 to 46 percent), 
but the overall energy efficiencies are from 26. A 
to 35.9 percent wnen the coa I -to-c I ean-f ue i con- 
version efficiency is considered. The capital 
costs and COE range fr $l300/kWe to $l535/kWe 
aid from 58 to 66 mills/kW-hr for this configura- 
tion. The COE's for the above systems are 2 to 
2.5 times tnat of the G.E. advanced steam cases. 
The best G.E. results were obtained for the di- 
rect-coal-fired MHO topping systems. Two of 
these cases were considered. The first case, 
with an inlet temperature of 3000°F, an MHO gen- 
erator adiabatic efficiency of 0.7, and magetic 
field strength of 3.5 tesla, resulted ir an over- 
all energy efficieicy of 41.8 percent, a capital 
cost of $1551/kWe, and a COE of 61.6 mills/kW- 
hr. An iteration made on this configuration, in 
which temperature is 3I2I°F, MHO generator adia- 
batic efficieicy is 70 percent, rvacetic field 
is A. 5 tesla, ard the power-plant layout was con- 
siderably modified, improved the efficie cy, cap- 
ital cost, and COE to 46 percent, $IIOS/k'/e, and 
1 * 5.6 mills/kW-hr, respectively. At the request of 
NASA, the effect of pressurizing the combustion 
system of the above case was investigated by Gen- 
eral Electric. Prcssui i zat ion of t: t conuustion 
system to 4 atmospheres was found to change the 
efficiency, capital cost, and COE to 47. 4,' : , 
$IOI5/kWe and 42 mi!ls/kw-hr, respectively. 

The Westing house overall energy efficiencies 
for the LBTU gasifier configuration were 46.1 
percent at an inlet temperature of 3C00°F a- d 
42.2 percent at 3I00°F. This includes an effec- 
tive sfficier-cy of the gasi f ier/conbust ion loop 
combination of about 79.6 perccti. The capital 
costs and COE at 3*"00°F range f tom $2223/kWe to 
$2434/kWe and from 77 to 85 mi 1 1 s/kU-hr. At 
3 100°F, the capital costs were $l9l2/k'./e and the 
COE was 63 mi 1 ls/kW-hr. 

There are no unrcsolvablc differcces between 
the G.E. ard Westinghouse efficiencies. However, 
the West inghouse capital costs for a nearly equi- 
valent system were approximately $400/kWe higher 
than G.E.'s. This difference is mainly due to 
the differc ces in the costs of the refractory 
regererat i ve heat -exchanger system. Their COE 
could probably bo reduced to approximately 44 
mills/kW-hr by using a more compact heat -ex- 
changer system. 

The best configuration considered was the 
d i rcct -coa I -f i red MHD topping cycle using a pres- 
surized combustion system with an overall f ergy 
efficiency of 47.4' ard a COE of 42 mills/kw-hr. 
The LBTU gasifier cases have lower efficiencies 
and generally higher costs than the dircct-coal- 
fired systems at equivalent generator inlet tem- 
peratures. More closely integrating the gasifier, 
pressurizing the combustion loop, and optimizing 
the economics could s i gn i f can t ly improve the 
initial results obtained for this configuration. 

Power Plant Configura t o-\s 

Three basic power-plart configurations were 
considered for this system: an MHO topped s’eim 

cycle, a parallel MHD steam cycle, and a all 
MHD recuperative Drayton cycle, A typical 
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schematic of a direct-coal-fired HMD topping cycle 
is shown in figure 3. In this system the coal is 
dried, pulverized, and combusted with preheated 
air in a combustor which has a SO' ash removal 
capability. The hot combustion gases then flow 
through the regenerative refractory heat exchanger 
array and the air preheater to tne stack where 
they are cleared and exhausted to the atmosphere. 
The refractory regenerative heat exchanger array 
transfers the combustion e ergy to the irert gas. 

In this array a given heat exchanger is first 
heated by the combust io" gases (reneat phase) ad 
then the residual conbustior gases are evacuated 
(flue gas purge phase). The heat exchanger is 
then cooled by the flow of high pressure argon 
(blowdown phase), the residual argon is reclaimed 
(inert gas purge phase), and the rencat phase is 
begun again. At any instant some of the heat ex- 
changers are in the reheat phase, others in the 
purge phase, and the rest in the blowdow-' phase 
thus supplying a contituous flow of energy from 
the combust i or loop to the irert gas loop. Once 
the inert gas is heated^it is seeded with cesium, 
flows through the nozzle. MHO generator and dif- 
fuser, the steam boiler, and pre-cooler. The 
cooled argon is ther compressed and . eturned to 
the heat exchanger array. The cesium is removed 
in the steam boiler and argon precooler, is puri- 
fied, and then re-injected into the inert gas. A 
fraction of the inert gas is passed through a puri- 
fication system and then returned to the main loop 
during each cycle. 

General Electric considered the dircct-coal- 
flred MHO topping cycle and topping cycles using 
clean-coal derived over-t he-f e ce type fuels. 

These over-t he-f cnce fuels v.tre sol vent-ref ir ed 
coal (SRC, conversion efficic-cy 1 t = .72), a in- 
termediate BTU gas (iBTU.'^-c = 0.70), and a high 
BTU gas (HBTU, 1c * 0.50). General Electric also 
considered an all MHO recuperative Brayio. cycle 
and an MHO steam parallel cycle in wnic'n a frac- 
tion of the combustion energy is transferred to a 
recuperative MHO cycle via a refractory heat ex- 
changer array, ard the remain! g combustion energy 


is transferred directly to the steam boiler. 

Westinghouse considered MHO toopirg cycles 
fueled by an LBTU gas supplied by an O'-site gas- 
ifier incorporating a pressurized fluidized bed 
and hot gas clean-up. The gasifier is nin inte- 
grated into the power plant, but is closely 
coupled ir the serse that the power sys benefits 
from the sensible heat of the fuel gas. 1 he fuel 
conversion efficiercy is therefore much higher 
than those for the ovcr-the-ferce fuels. 

Both contractors used a 35*’-' iCOO/IOOO steam 
pla t. General Electric used a umber of rege cr- 
ative feedwater heating temoeraiures in their 
study. Final feedwater temperatures of 99°F a- d 
232°F were used for their topping cycles a’ d 510°F 
was used for the parallel cycles. The the rtnody- 
•amic efficienc es of the steam plant at these 
levels of regenerative feedwater heating are 32 . 
1*0, and kS'i, respectively. West i nghouse assumed a 
steam plant with a 45' efficiercy. The level of 
regenerative feedwater heating was not given in 
their study. 

Using these power-plant configurations, cases 
were run for a variety of coal types, generator 
inlet temperatures and pressures, inlet Mach num- 
bers, turbine efficiencies, power levels, and 
cooling netnods. The result are given in the 
next section. 

Results of Analysis 

Representative results for the various systems 
studied are presented in figure 4 ir. which the 
cost of electricity (COE) in mills/kw-hr is 
plotted versus the overall energy efficiency. A 
breakdovm of the performance results and cost dis- 
tributions for two representative cases are also 
given i 1 Tables 6 and 7. respectively. 

The areas idertified o- figure 4 delineate the 
results for the various system coi f i gurat ions or 
fuel types. The solid poi>ts represent the 
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results tor the referc ce conditions listed on the 
figure and the i dent i f i cat ois given for the other 
points represent variations about the refere"ce 
conditions. The figure shows that the nighest ef- 
ficiencies are obtai ed for the General Electric 
di rect -coal -fi red cases and tne West i - gnouse IBTU 
closely-coupled gas'f er cases. Tne General Elec- 
tric SRC cases yield the lowest cost of electricity 
for the clean-fuel cases, but the overall c ergy 
efficie cies are quite low because of the .73 coal 
to clean-fuel conversion efficiency. The figure 
also shows that the parallel cycle concept ard all 
MHO Brayton cycle are not viable concepts aid that 
there are no benefits to be derived from using ar- 
over-thc-fence IBTII gas. Considering the results 
for a given system configuration, the results on 
the figure indicate that increases in the overall 
energy efficiency are realizable at constant tem- 
perature if one can operate at higher values of 
turbine effectiveness ('tr) of the MHD-generator- 
diffuser combination, or at constant , Tc. if one 
can operate at higher temperatures. The results 
also show that operation at higher temperatures 
generally results in an increased COE. The re- 
sults show that the best overall system is the 
General Electric di rect-coal -f i red topping cycle. 
The West i nghouse LBTU gas cases have equivalent 
efficiencies, but there is a large difference in 
cos t s . 
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Discussion and Assessment 

The performance and cost results for two rep- 
resentative cases (General Electric Case 102 and 
Westinghouse Case 6) are given in Tables 6 and 7. 
respectively. These cases were chosen because of 
their comparable power levels and generator inlet 
temperature. 

The data in Table 6 indicates that the thermo- 
dynamic efficiencies arc about equal ever though 
the generator-diffuser ise: tropic efficiencies 
are different. These differences are recoiciled 
ir reference 3- West if ghouse's assumed higher 
steam plant efficiency and waste heat recovery 
were found to compel sate for General Electric's 
higher ise'tropic efficiency. Westitghouse was 
able to operate at the optimum pressure rat io and 
still obtai n a net power output from the steam 
plant. The steam plant used by Gereral Electric 
was selected to supply the required compressor 
power; this resulted it operation at a pressure 
ratio below the optimum. The different auxiliary 
power requirements aid effective furnace effi- 
ciencies are the cause of the overall energy ef- 
ficiency difference. 

The capital cost distribution and cost of 
electricity for these cases are compared in Table 
7. Results for a t!ASA modification of Westing- 
house Case 6 arc also presented and will be dis- 
cussed pre st tly. The data listed show a large 
ditfcrence in costs of major components ad mate- 
rials of construction, and direct labor between 
the contractors. A detailed breakdown of these 
costs! has shown that the major difference is in 


the refractory heat excharger systems. The 
Westinghouse heat exchai cer system >s a clean fuel 
systeri incorporat rg 56 units aid a matrix hole 
Size of 2 j x 2^". The nutenals and labor costs 
are $417 x 10^ or $230,000 per megawatt thermal 
transferred to the irert gas. The use of such a 
large matrix hole Size appears unwarranted for the 
clean fuel used n this case. In contrast to this 
approach, General Electric uses i" d ame’er hole 
sizes for their clear fuel heat exchai gers and ar 
equivalent system would Incorporate II heat ex- 
changers ai d would cost $36, 000/f'Vj^. In add! t 'on, 
a refractory regererat ve heat exch’iger was de- 
signed for a 1000-MWe, Irert-qas MHO system as 
part of the NASA Ip-house ECAS program. This sys- 
tem was desigted by Flu Oyt e aider NASA cor tract 
with Burns and Roe*. The system consisted of 24 
units ar d was desigtcd w t s a 3/4-inch note size 
for ar argor outlet emperaj^re of JIOO^F. Est- 
meted costs were $93.5 x I 0 r or $53 , 000/MWyn. The 
Was 1 1 1 ghouse cos's are thus 4 :o 6 times higher on 
» per MWyy| basis as ‘.wo other estimates made for 
equlvalert heat excharger systems. The results of 
calculat or s made to determ -e the effect of asirg 
the FluiOyne heat exchanger system i> West rqt'ouse 
Case 6 are showr in Table 7- The results show 
that the capital costs are reduced to $M57/kWe 
and 44.7 m I Is/kw-nr ai d are comparable to the 
Gereral Electric costs. 

The data in Table 7 also shows that there is 
a differerce in operatic and mainterarce costs. 

The operation and maintenance costs used by 
Westinghouse seem unduly low, however, considering 
the power-plant complexity. The costs are about 
the same or even lower than tnose for an advanced 
steam plant. The detailed Westinghouse data ind - 
cate that operation and ma intenance costs wer :• in- 
cluded only for r uch items as the gasifier, the 
coal and waste handling systems, and the heat re- 
jection system, with no estimate ircluded for the 
components unique to MHO. Ge r eral Electr c, on the 
other hand, did -elude a factor for the MHO cen- 
erator diffuser and the refractory rput heat ex- 
changers. 

Now let us consider the d i rcc t -coa I -f i red cases 
which yielded the best results for the closed- 
cycle ert-gas MHO systems. The data or f'gurc 4 
shows that there s a significant d fferetce be- 
tween the referetce poirt and the two variat or s 
corsidered. There were a runber of cha ges [hat 
contributed to th s n.provenert in perforr«i- r.e. 

Ir order to assess the full potertiul of these sys- 
tems, the generator nlet temperature was ncreased 
to 3I00°F ar d the turbine ef feet ' vet ess to 0.78. 

The pressure drops in the combustion loop and argon 
loop we r a lowered to 9 and 7.5 i. respectively. In 
additon to these cnaiges, s grif car t cost reduc- 
t ors were also obtained by nod fying the plart 
layout. The more nportai t modi f icat ior s were: 

(1) To reduce the plai t s ze by shortening the MHD 
generator aid diffuser by a factor of about 3. 
This allowed vert i ca I mount irq of these compo- 
nents instead of nor zontal mounting. 

(2) To reduce the number of large (greater than 10 
ft. duim.) ducts by rearranging the overall 
plant layout. 

(3) To redesign the heat exchangers and to compute 
the cost of tne bricks separately for each op- 
erating condition. 

(4) To ircrease the average magretic field from 3 
tes la to 4. 5 tesla. 

(5) To remove all feedwater heatirg from the steam 
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plant . 

The change in the steam plant regenerative feed- 
water heating level lowers its efficiency by ~ 2 
percentage points, but the overall system effi- 
ciency is increased because the argot waste heat 
is recovered to a lower temperature. 

These mod i f ' ca t i ons resulted in an overall 
erergy efficiency of 46"£ and COE of 45.6 mills/ 
kw-hr. 

The final variation was to pressurize the com- 
bust ior system to 4 atmospheres us ng a balaiced 
gas turbine-air compressor set. This change re- 
sulted ir lower costs, because the rumber of heat 
exenangers and s ze of the combustion gas ducts 
was reduced and rcreased effic e^cy because the 
furnace effic ercy is rcreased and the auxiliary 
power requirements are reduced. 

It is anticipated that further study of this 
system would result ir lower costs and perhaps 
higher efficiencies. For example, the capital 
costs could be lowered by $52/kWe by incorpora- 
ting the three terminal MHO gererator power output 
conectiors used for the open-cycle MHO systems in 
Task 2. Th s charge greatly reduces the system's 
inverter costs. 

The realization of these systems requires the 
development of d i rect -coa I -f i red heat cxchar gens 
that operate at temperatures of 3I00°F and highly 
efficient MHO generators. The .73 turbine effec- 
tiveness (which includes the supersonic diffuser 
loss) used in the best d i rect-coa I -f i red cases is 
quite optimistic and requires the suppression of 
plasma turbulence (plasma turbulence factor = 0.2). 
This problem may be somewhat alleviated, however, 
at subsonic Mach numbers. The Westinghouse re- 
sults show that the optimum performance is ob- 
ta i ned at M = 0.9. 

The poor results for the clear over-the-fence 
fuel cases indicate that if one wa. ts to consider 
alternatives to the Hi rect -coa 1 -f red approach or 
to take advantage of the higher efficiencies at- 
tainable at higher temperatures, a coal -to-clcun- 
fuel conversion system must be incorporated into 
the power plar t. 

The Westinghouse cases treating ar on-site 
closely-coupled LBTU gasifier reoresent an it itial 
evaluatiot of this concept. The stuatio' is sim- 
ilar to that when General Electric had obtained 
their initial results for the d i rect-coa I - 1 i red 
system. There is considerable potential for im- 
provement. Westinghouse calculated high thermody- 
ramic efficiencies, but the overall energy effi- 
cacies are considerably lower because of the .796 
effective furtace eff ciercy of the r heat input 
system. The cost of electricity was also prohibi- 
tively high. In order to assess the full potential 
of this concept, the LBTU gasifier must be fully 
integrated with the power plant. Results obtained 
in the ECAS combined-cycle turbine cases indicate 
that careful integral iot of the gasifier with the 
power plant could result in effective f uri ace ef- 
ficiencies of .88-. 89. In addition to the poten- 
tial increase in the efficiency of the heat input 
system, the ability to use low-grade heat to gen- 
erate steam for the gasifier gives ore more flex- 
ibility concerning items such as the level of re- 
generative feedwater heating, use of con^iressor 
intercooling, etc., that can affect the prime 
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cycle efficiency. 

NASA estimates that a 35"4 reduction in the 
COE is possible by modifying their heat excharqer 
system. further reductions could result from 
pressor i/at itm of the r xntujs'iO' loop nr d heat «r* 

Chargor t/*.lM», 

With this potential for significant improve- 
ments in efficiency and reduction in costs, the 
closed-cycle inert-gas MHO system using a fully in- 
tegrated LBTU gasifier should be looked at in more 
detail. It offers an attractive alternative to 
the di rect -coal -fi red cases, and perhaps the best 
potential for these systems lies In this concept. 

V. Liquid-Metal Magnetohydrodynani c Systems 
Sunoa r y of Results 

The two-phase flow 1 i qu i d-metc. I MHO (LMMHO) 
power cycle which uses an inert gas as the primary 
t hermodyi ami c workino fluid and a liquid metal as 
the electrodynamic fluid in the MHD generator was 
the only type of LMMHO system treated in this 
study. Temperature ranges from I200-1500°F were 
considered and the workirg fluids were Ar/Na and 
He/Na it the I200-I300°f range and Ar/Na aid He/Li 
in the 1400-1500°F range. 

The majority of cases studied by both contrac- 
tors ircluded the use of a binary LMMHD/steam 
cycle, the use of a steam cycle with little regen- 
erative feedwater heating, and the use of pumps to 
recirculate the liquid metal. Cases were in- 
cluded, however, to determine the effect of elim- 
inating the liquid-metal pumps. 

Both contractors used modularized MHD gen- 
erators that are operated hydraulically in parallel 
and electrically in series. The series connection 
is required to attain a reasonable voltage level 
for the inverters. 

The contractors approach to the parametric 
variations differed somewhat. The majority of the 
Vestinghouse cases used a cyclone combustor, 
Illinois #6 coal, a power level of approximately 
1000 MWe, and various liquid-metal system Daram- 
eters. The G.E. cases treated variations ir com- 
bustors, fuels, and power level as well as some 
system parameters. 

The overall energy efficiencies raneed from 
33.6 to 37.3 percei t for the I200-1?00 1 F tempera- 
tures ar d from 37 to 39.5 for the I400-I500°F 
cases. The contractors costs differed signifi- 
cantly. For the lower temperature cases, the Gen- 
eral Electric costs ranged from $ l450/kWe-$2750/ 
kWe and 77"93 mills/kw-hr. The West in ghousc c >sts 
were in the rat ge $ 790/kWe-$ 1 I 77/kWe aid 33.9*46.2 
mill s/kw-hr. 

At the I400-1500°F tenperatures . the General 
Electric costs were $2300-$3000/kWe and 92-100 
mills/kw-hr; West irghouse 1 s were $ i I 65“2l40/kWe 
and 45-78 mills/kw-hr, 

A detailed analysis of these costs showed 
major differences in nearly every item. Differ- 
ences in the costs of some components such as the 
MHO generator, magnet, and inverters have been 
reconciled. However, there are still large unre- 
solved differences in the contractors costs. 


The highest overall enerqy efficiency obtained 
by the contractors at the temperature limits dic- 
tated by the present sodium technology (1200° to 
I300°F) was 37.3 percent. Their results iidicite 
that the maximum potential efficiency at these 
' emper.it ures would he appro/ unit.*: iy 40 tierce t, 
because at ti.ese tenperatures • • e I ■ qu . d- f eta I MHO 
system canrot be effectively co-iplcd to 0 advarced 
steam plant. 

At the higher temperature considered in this 
study (I500°F), these problems may be alleviated. 
Uestinghouse has calculated an overall energy ef- 
ficiency of 43 percent by assuming that the sodium 
technology can be extended to I500°F and that the 
system can be coupled to a 45 percent steam plant. 
The sodium vapor carryover could be a considerable 
problem at these temperatures. However, o> ly a 
few of the higher temperature systems were con- 
sidered by the contractors in this study, and the 
potential for improvement from better coupling 
with an advanced steam plant at higher temperature 
is indicated. Resolution of the large differences 
in cost estimates requires more detailed component 
design and plant integration optimization. 

Power Plant Configurations 

The basic power plant configuration studied 
was to use the two-phase LMMHD concept in a binary 
LMMHD/steam cycle. A typical schematic of this 
cycle is shown in figure 5. In this cycle the 
coal is dried and pulverized and combusted with 
preneated air in an atnospneric fluidized bed com- 
bustor with in-bed desulfurization. The exhaust 
gases flow through the electrostatic precipitator 
and air preheater after which port of the flow 
goes directly to the exhaust stoex and tne rest is 
diverted to the coal treatment system. The helium 
inert gas and sodium liquid metal are separately 
heated in the combustor and flow through the ma- - 
ifolding to the mixers. Tne gas and liquid metal 
are then mixed and the mixture enters the MHD gen- 
erators as a foamlike substance. The exoarsion of 
the gas drives the liquid metal across the mag- 
netic field and electric power is generated. The 
two phases are then separated and the sodium is 
pumped back to the combustor. The inert gas flows 
through the steam boiler and inert gas cooler, is 
then compressed, heated, and returned to the mixers. 
A distinctive feature of this system is that a 
number of MHO generators are used. They are op- 
erated hydraul i ca 1 1 y ir parallel and electrically 
ir series. The series correction is necessary to 
attain a reasonable voltage level for the in- 
verters. It should also be roted that the steam 
reheat energy is supplied by the combustor. 

General Electric used the atmospheric fluid- 
ized bed (AFB) in the majority of their cases. 

They also considered pressurized furnaces burring 
a LBTU gas supplied by a r integrated gasifier or 
an over-the-fence HBTU gas, and a pressurized 
fluidized bed burning coal dinectly as alternative 
combust io' systems. Westinghouse used a direct- 
coal-fired cyclone combustor in the majority of 
thei r cases. 

Other variations in the basic power plant con- 
figuration include replacing the liquid-metal 
pumps with a more efficient nozzl e-scoarator-d i f- 
fuser and an all LMMHO system in which the steam 
plant is replaced by a recuperative heat exchanger 
and gas turbine. 
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Using these power-plant configurations, cases 
were run for a variety of temperatures, pressures, 
power levels, coal types, work i ng-f 1 ui d combina- 
tions, and component ef f i c i er c i es. The results 
are given in the next section. 

Resul t s of Anal vs i S 

Representative results for the various systems 
Studied are presented in figure 6 in which the COE 
is plotted versus the overall energy efficiency. 

A breakdown of the performance results and cost 
distributions for two representative cases are 
also given in Tables C and 9, respectively. 

The solid points on the figure represent the 
results for the reference conditions identified on 
the figure. The identifications of the remaining 
points represent the variations about the reference 
conditions. The figure shows that the overall 
energy efficiencies range from 23 to 39.**%. that 
the contractors' efficiencies are comparable, and 
the costs differ significantly between the contrac- 
tors. General Electric's lowest cost of electri- 
city (58 mills/kw-nr) v/as obtained for the case 
in which the LBTU gas from an integrated gasifier 
was burned in a pressurized furnace. However, in 
this case more than half the total power output is 
generated by gas and steam turbines in the gasi- 
fier-combustor combination and the power produced 
by the combined cycle of the furnace is relatively 
inexpensive compared to that of the effectively 
parallel LMMHD cycle. The all LMIIHD cases are 
seen to result in lower efficiencies and higher 
costs than the reference poirts. The figure also 
shows that the higher efficiencies obtained in the 
high temperature lle/li systems are accompanied by 
higher costs of electricity. The results of both 
contractors show that both performance ad econo- 
mic improvements are realizable if an efficient 
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nozzle/separator/diffuser cocr.binat ion can be de- 
veloped and the need for the liquid-metal pumps 
is el iminated. 

Considering the results in Tables 8 and 9, it 
is seen that the thermodynamic and overall energy 
efficiencies are comparable for the cases con- 
sidered and that there is a difference of $1725/ 
kVe between the contractors' costs. The cases 
chosen (General Electric Case 3. Westirghouse Case 
9) have similar power levels at d most of the com- 
ponent efficiencies are identical. The General 
Electric rase has a generator inlet temperature of 
1300°F, the Westirghouse temperature is 1200°F. 

The nigher MHO generator and steam plant effi- 
ciencies used by Westirghouse compensates for the 
I00°F temperature differe ce a; d tne thermody- 
namic efficiencies are nearly identical. The 
slightly different furrace efficiencies and aux- 
iliary power requiremeits result in a 1.1 per- 
centage point difference in overall energy effi- 
ciency. The Westiighouse cycle arrangement re- 
sults in a net power output from the steam plant, 
whereas General Electric matches the steam plant 
output to the compressor power requirements. The 
cost data shows that there is a $600/k./e dif- 
ference in the major component and materials of 
construction costs and 2.9 mills/kw-hr difference 
in the operation and maintenance costs. 

Discussion and Assessment 

The overall energy efficiencies obtained by 
the contractors for the LMMHD systems are rela- 
tively low for an advanced energy conversion sys- 
tem, but they are in good agreement. The real 
problem is to reconcile the difference in the 
major component and balance of plar^ materials 
costs. A detailed breakdown of these costs^ shows 
large differences in nearly every component. Some 
costs can be reconciled. There are differences of 
$52/kWe, $!6l/kWe, and $62/kWe in the costs of the 
MHO generator-mag’ et combination, the inverters 
and primary piping, respectively. 

The cost differences for the MHO generator and 
magnet combmatio s are mainly due to the dif- 
ferent design philosophies used by the contractors. 
In the Get oral Electric approach, each MHO ge - 
yrator has its owt supercot duct ing magnet. A con- 
ceptual design for each gc crator-niagi et module 
was arrived at and costed. The total cost for the 
system is obtained by multiplying by the number of 
modules required. In Case 3, 14 modules are sited 
parallel to each other. 
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Westinghouse approached the MHD generator- 
magnet design ir a manner that minimized the 
major component cost and the amount of liquid 
metal and hi gn-temperature piping. The MHD gen- 
erators are arranged ir pods concentric to the 
steam generators. Each pod consists of b MHD 
power modules in a superconduc t i r g magnet. The 
mag'etic field uniformity required for each MHD 
generator is obtaired by usirg i ro pole pieces to 
shape the magnetic fields. The pole pieces are 
intimately connected to the MHD duct insulating 
walls and also serve as part of the pressure con- 
tainment structure. Westinghouse also used a re- 
inforced (ribbed) plate construction for the 
structured housing for all pressurized components 
in order to obtain minimum weight designs. Con- 
sidering the different materials used for the MHD 
generator structure, the different magnetic fields 
considered and the design approaches used, the 
costs of the MHD generator-magnet combinations are 
understandably different. For an equivalent mag- 
netic field strength, the Westinghouse magnet cost 
would be about half the cost of the General Elec- 
tric magnet configuration. 

The contractors' inverter costs were $39/kWc 
for Westinghouse and $200/kWe for General Electric. 
The main difference between the contractors' in- 
verter costs is that General Electric required the 
inclusion of d i rect -current circuit breakers as a 
protection agairst short-circuit currents tnai may 
accidentally occur. Westinghouse did not require 
tnem. The use of these circuit breakers results 
in smaller power inverter modules which signifi- 
cantly increases the cost per kilowatt inverted. 
Whether or not these DC breakers arc required 
should be studied in more detail. It is possible 
that the DC irterrupters may not be reauired for 
the LMMHD systems, because a short-circuit curre t 
could cause the MHD ge orator to "choke" and hence 
turn itself off u<til the problem is rectified. If 
inverter costs of $2G0/kWe are truly required for 
LMMHD systems, they would be at a severe disad- 
vantage when compared with o' her systems in the 
same efficiency and temperature rai ge. 

It is difficult to reconcile the remaining 
cost differences. The Westinghouse approach of 
minimizing the compo- ent sizes and amount of high 
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temperature and liquid-metal piping should result 
in lower power-plant costs. The General Electric 
approach with the 14 parallel MHO module arrange- 
ment would require excessive amounts of liquid- 
metal piping and manifolding. However, since the 
Task 1 effort did not attempt an extensive de- 
lineation of the total balance of plant, the cost 
differences remain unreconciled. 

The data in Table 9 shows that the Westing- 
house 0 and M costs are significantly lower than 
General Electric's. In the Westinghouse calcula- 
tion of operation and maintenance costs, opera- 
tion costs are included for the heat rejection, 
fuel handling and storage, and water treatment 
systems only. Consequently, it is felt that the 
Westinghouse operation and maintenance costs are 
underestimated for a power plant as complex as the 
LMMHO systems considered in this study. Indeed, 
the 0 and M costs listed in Table 9 are the same 
as those for the West i nghouse advanced-steam 
systems. 

The General Electric costs can be reduced by 
optimizing the design and arrangement of the 
system components and even eliminating some of the 
compO' ents. For instance the helium precooler ard 
recuperator could be eliminated from the General 
Electric system with little effect on the overall 
system efficiency. The net effect of the ecoromic 
optimization cannot be ascertained at this time. 
However, it's reasonable to assume that this plant 
will not be cheaper than a steam plant. Conse- 
quently, it must be shown that higher overall 
energy efficiencies can be obtained if this sys- 
tem is to warrant further consideration. 

At the temperature limits dictated by present 
sodium technology ( 1 200-1 300°F) , the nighest over- 
all energy efficiency presented by the contractors 
was 37-3/4. An inspection of the contractors' re- 
sults indicates that the maximum potential effi- 
ciency at these tenperatures v»uld be 407. This 
is assuming a generator isentropic efficiency of 
. 80 , the development of a highly efficient nozzle/ 
separator/diffuser, and optimistic system compo- 
nent efficiencies. The overall energy efficiency 
is limited to this value at these temperatures 
because the liquid-metal MHD system cannot be ef- 
fectively coupled to an advanced high efficiency 
steam plant. Oue to a pirch point proulem in the 
steam boiler, both contractors found that the 
highest LMMHD/steam system efficiencies were ob- 
tained by using a steam plant with minimal regf - 
eraiive feedwater heating a- d with the steam re- 
heat energy being supplied by the co-bustor. The 
adverse effect of this couplirg is tvwfold. The 
thermodynamic efficiency of the steam bottoming 
plant is limited to 3S'4. and the system does 
not derive the full benefit of the topping cycle, 
because a portion of the combustion energy is 
transferred directly to the steam plant. 

At the higher temperatures considered in this 
study (1500°F), these problems may be alleviated. 
Westinghouse has calculated a> overall erergy ef- 
ficiency of 434 assuming tnat the sodium tech- 
nology was extended to I500°F, and that the sys- 
tem could be coupled to a 454 steam plant. The 
sodium vapor carryover, he. /ever, could be a con- 
siderable problem at these temperatures. This 
problem can be avoided by using lithium. The 
I400-I500°F Li/He plants studied had slightly 
lower efficiency than a Na/A plant at the same 


temperature and also significantly higher COE. 

VI. C omparison of MHD Systems 
With A 1 1 eri a t i ve PI a t s Studied 

In this section the MHO systems stud ed in 
Task I and the open-cycle MHD system studied in 
Task 2 are compared with the other plants studied 
in the two respective tasks. Data are taken from 
the contractors' Task I final reports* *2, the NASA 
Task I final report^, and the contractors' "brief- 
ing documents" for Task 25*7, 

Figure 7 is a plot of the COE (mi 1 I s/kw-hr) 
vs. overall energy efficiency (coal pile to a.c. bus 
bar) for the Task 1 data. Since Task 1 irvolved 
hurdreds of parametric data points, only ranges of 
costing and performance are shown. A Task 1 ref- 
ere; ce steari system (conventional furnace with 
3500 psi/l000°F/l000°F steam conditions) is also 
cited on the graphs of figure 7 and a set of co- 
ordinate axis drawn through this reference point. 
Data are plotted on two separate graphs, ore for 
G.E. and one for Westinghouse. 

Power plants located in the lower right-hand 
quadrart of the graphs of figure 7 are the most 
desirable, being lower in COE ard higher in effi- 
cie cy than the referei ce steam plart. Orly a few 
combined cycle (LBTU integrated gasifier) points 
by G.E. (figure 7 a) actually fall ir this quadrant. 
The Westinghouse LBTU combired cycle has a COE 
slightly above the reference steam plant. In the 
two cases, the efficiency is, respectively, ore 
and five percentage points above the conventional 
steam plant. 

Points in either the lower left-hand quadrant 
or the upper rignt-hand quadrant of figure 7 are 
the rext most attractive points. Additional points 
for tne G.E. combined cycle (LBTU gasif er) appear 
within the lo wer left quadrant at COE values lov/er 
than the reference steam plart and at efficiencies 
competitive with steam. Both G.E. and Westinghouse 
have advanced steam plants which essentially sur- 
round the reference steam plants. G.E. has both 
open-cyclc gas turbine (hign BTU fuel) and com- 
bined cycle (clean fuel)points in the lower left 
quadrant with low COE, but efficiencies much lower 
thar the reference steam. 

In the upper right-hand quadrant, four plants 
are shown with efficiencies better than the ad- 
vanced steam ard with COE's rot much greater thar 
’iie reference steam. These plants are: liquid 

metal rat ki ■ e/stcam plant, OCMHD/steam bottoming, 
plat, CCMHD/stcam plant, a- d hi gh-temperature 
fuel cell with steam boltomirg (West irghouse) . The 
LMMHD system appears ir this quadrat t, but with ef- 
ficiency values lower or at best comparable to the 
advanced steam plant and COE's that are much 
hi giter. 

In the Westinghouse data of figure 7b, the 
molten carbonate fuel ccll/stcam bottoming plart 
'5 in the desirable range of the upper right-hand 
quadrant. West i ngnouse examined the molten carbo- 
rate fuel cell ir much greater detail tnar G.E. 
However, the 31 mill/kw-hr point shown in figure 
7b was calculated by UAS-V using the technical and 
costing base of Westinghouse, but assuming that a 
30,000 to 50,000 hour operating life could be 
achieved in molten carbonate fuel cell operation. 
Westinghouse assumed that maximum life was 10,000 


/ 


I « 


t 






/- S CO* 

/ 14' *>0 


CCMrO (IN* 
“] KMI fired* 


“/**% /■ U*» frnpdrelurt 

t '< K<»i u'i iinnj i 


fu*f ' *•. 4< 

Super critcdi COj 


; CCMHO VIM* 
' -S»C fuff 


IAW tfm m (CM) fired lAfBM 


***«*'*« , , • • * / 

II • t V 

M*9h temper efu re # -i * \ 

fuel cell* ftffllH \* 1 j \ ; ; . pcwum* 

/'fcCTHWMH \ % '**J 5 " -• «0*.endS»C«Ue. 

» fc r** Preuur ired 

f‘ / *S i.X 

. * i J* \ *' * 

tempereture / **W ■ -/ » ' / 

ce»» / ::/• / 

■jqen fuef>-v , \ !)*• L* • 

* i \ -U*« \fe*m k oei fued il» till 


* \ ^ LA*« Ateem *o*i fued 0 H 

% *» // /f ~\ v *COTforg*nic 

\ V* • ttoe: fired i^FI" 

*, < r » 

/ • • | Ad«anced steam «umi firedi 


OCT '-r 

MMjfMiH • V 

; 

OGI'arg*n* 

iH0TUfu**»"' tCo^ined cycle 
Kteen fctiii 

JtW.'» 0 Mm «pMl |Pf Bland ' 
L0TU lot elated ganfitr F— 


; m«e 

Steam t»vlem K&n«n 

%J tonal tornecei 

» \ f V 

X ' ^Comf'ined cytie 

"* asnj.r>i^a« 
fftttfori 


20 


-J I I 

i so 

Oeera'i enerjj efficiency 

• i General Urn tf * r t\ j'ti 


...... Contractor lata 

— MS* est •*» a*r ullnq 

oontrectur feta 


V’CCMMOiifrem 
* IllflJ *nt«jf a*«d 
’,9eiifleri 


rto* temperature 
.lucent 


! f -GT tfistiita* 
fuel I rn 


y ! 1 r ccm 

/ » I J '{ / fteatei 

» *N 

\ 1 / \ 

, 'tioaifeedi «| « 

! \ I \ 


CCMHO'sleam utinq FluOrne 
fteat ewnanqrr editing 


I i i \ \ / \u l/J X'r'zsr*" 

i ; \ V, >: •' ’• | 1/ 

' \ i ***-•' \ 1 ■ I <"•. a oc««>e t*. 

00 f— \ \ » • fOCTforfamc v» / I 

\ \\ ! ' tfitllllMt >u»ll }%J * l ,u,,u 

\ w ; / 1-./ \ >/ / \ •"“»*« 

\ V » S <MI 1 1 *4* >:**, />.. 1 

[oat, i \ \\ •< \ 

"“** ’ u '’ - \ \\ ; \ r* ■- ^vkicui 

tt- \ \ * ccinwjm ,V* 


/• Mign ‘rmperature 
fuel ceiiateem 


\\\ cciiiim«i <» Xr** 


Combined cycle tfuMiete fue'- J / / -Bair / 

V / J% ceen 

JMObsi iMtf i « k , ^Comtjinmj • - 

ItJOtr f Steam lyvtem '?’•'* > ITu -ntegrated ga-.ifvr* 

tcenirenionai furnaeet-X ' wA4wAfvH 
• tcoal fired ' 

(ceil iPfBland 
UTli Integrated ganfier 


Base ? tdirect 
coen 


Figure/. UTed of overall energr efnctency on coil of electric e> companion of tytlemt tar Tatf I 


— i 1 L _ 

» so 

Overall energy efficiency 
lb* Meifinghouie re\ u it« 

Figure 7 - Concluded. 


— i— 


hours which is the hiqhest level of actual op- Task 2 conceptual plants are presented showing the 

erating life achieved to date, tio technical bar- sersitivity of COE to the various economic ground 

riers are foreseen in achieving 30,000 to 50,000 rules. Analysis and evaluation of the data from 

hours of life. the three contractors represented (G.E., Westing- 

house, United Technologies Corp. /Burns and Roe) 

From the data of figures 7a and 7b, the ad- is presently underway at NASA. Differences in 

vanced steam plants, the combined-cycle plants cost due to different costing and account proce- 

(LBTU integrated gasifier), the high-temperature dures are present in the figure 8 data. The 

fuel cell/steam plants, the open-cycle MHD/steam reader s<x>uld, therefore, be cautious in comparing 

plants and closed-cycle HHD/steam plat ts appear plant COE's, particularly between plants estimated 

to offer the promise of improved efficiency with by different contractors, 

a very moderate increase or decrease in the COE 

compared to the referer.ee steam plants. All of In figure 8a the data is displayed as costed 

these systems were carried into Task 2 with the by the contractors. A common "start-of construc- 

exception of closed-cycle MHD/steam plant. The tion" date (1975}) is assumed for all power plants, 

more attractive G.E. CCMH0 poi-ts were generated One plant, the Westinghouse combined cycle with 

as part of an iteration of the Task 1 studies semi-clean liquid fuel appears to offer a lov/cr 

which was conducted in conjunction with the Task I COE than the various steam plants displayed and 

review. This occurred concurrently with tne Task with no penalty in overall energy efficiency. 

2 effort. The re-exami nat ior by NASA of the cer- Three other plants, the OCMHD/steam bot*oming, the 

amic heat exchanger costs of Westinghouse in their Westinghouse combined cycle/LBTU integrated gos- 

CCMHD was also completed durirg the Task I review. ifier and the UTC molten carbonate fuel cell/ 

steam bottoming plant have the potential of high 

The data presented in this section indicates efficiency (46.8' to 50'4) with a COE (nominally 

that CCMHD/steam bottomirq needs to be analyzed 30 mills/kw-hr) very corpetitive with the steam 

at a Task 2 level of effort. The data has also systems shown. Both the closed-cycle gas turbine/ 

shown that the I200-I500°F LMMHD is much higher ir orgar ic bottomirg aid the potassium toppirg plaits 

COE than advanced steam plants a< d cither a slignt have s i gn i f i can t I y higher COE's. Potassium top- 

bit lower or at most competitive in efficiency. P' r 9 plants do. however, have ar overall energy 

efficiency of 44.3 percent. 

In figures 8a through 8d the data for the II 
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Figure 8b when compared to Ca shows the sen- 
sitivity of COE to "construction time" assump- 
tions. In figure 8b a common "e'd-of -cor t rue t i on" 
time (I9S2) is assumed compared to the common 
"start -of -co: st ruct io " used in figure 3 a. This 
assumpt ioi postpones start of cor. struct ior lo' ger 
for the shorter construct ioi time plaits a> d thus 
raises their COE. As a result, the COE’s of the 
Wcstinghouse combined cycle/LBTU gasifier and the 
UTC molten carbo: ate fuel cell/stcom plants in- 
crease to the level of the G.E. OCHtlD/steam plant. 
These former two systems have 5 -year construction 


times compared to 65 years for OCMHD. Using a 
common "end-of -cor s t rue t i O' " date results in rel- 
atively more attract i ve COE for capital irte: sive 
plaits having longer construct ior time since pro- 
curemer t actions arc initiated at earlier (less 
inflationary) ^imes. 

In figure 8c COE is plotted using constant 
1975 ? dollars. This removes the escalation from 
capital cost (the ECAS study has no escalation for 
fuel or for operation and maintenance). Hence 
both the higher capital cost and more efficient 
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plants appear relatively more attractive. The 
OCMHO, the Westinghouse combined cycle/LBTU gasi- 
fier and the molten carbonate fuel cell/steam bot- 
toming plants remain tightly competitive with each 
other, and are in the low 20 mill/kw-hr range. 

This is competitive with the Westinghouse PFB 
steam and the Westinghouse combined cycle/semi* 
clean liquid fuel plants. This latter plant is 
higher in COE in figure 8c than the Westinghouse 
PFB steam plant because it is low in capital cost 
compared to the PFB advanced steam. 

Figure 8d assumes a plant life of 30 years and 
that, after construction, fuel and operation and 
maintenance inflate at the rate of 3 . 25 % per year. 
The COE shown is the average over tne 30-ycar piant 
lifetime, expressed in 1 975 i dollars. Again the 
three high efficiency plants appear to offer a 
COE competitive with each other and nearly identi- 
cal to the Westinghouse advanced (PFB) steam 
plant. 

The G.E. OCMHD/steam plant, the Westinghouse 
combined cycle/LBTU integrated gasifier plant, and 
the UTC molten carbonate fuel cell/steam plant 
have overall energy efficiencies between 46.3 and 
50% and similar COE. This holds true even as the 
economic ground rules arc varied as shown in 
figure 8. For the average 30-year COE case 
(figure 8d) , these high-efficiency systems appear 
to have particularly attractive COE's. The reader 
is again strongly cautioned from making other than 
very gross comparisons in COE values generated by 
different contractors. A detailed study of the 
relative comparabi I i ty of contractors' costs has 
not been completed. As previously indicated, com- 
parability between contractors in Task 2 should be 
somewhat better than in Task I, but in Task 1 
Westinghouse costs were generally substantially 
lower than G.E. costs. 

COE for various plants studied by a single 
contractor should be comoarable on a common basis. 
For the seven plants studied by G.E., the OCHHD 
plant had the highest overall efficiency. It was 
four percentage points higner than the next 
highest efficieicy plant, the potassium toppirg 
cycle. For both the constant 19751 dollar case 
and the average lifetime COE case (figures 8c and 
8d) , the G.E. OCMHO plant bad the lowest G.E. COE. 
For these cases the G.F. AFB advanced steam had 
the next lowest COE (1.9 and 2.2 mills higher than 
OCMHO, respectively). This AFB plant was, however, 

12.5 percentage points lower in efficiency than 
the OCMHO plant. For tne other cases shown in 

8a and 8b, common start and common er>u of construc- 
tion, the OCMHO plant had the second lowest COE. 

For these cases, the G.E. semi-clean liquid-fuel 
water-cooled combined-cycle plant had the lowest 
COE (2.0 and 0.7 mill lower than 0C .10, respec- 
tively). This combined cycle plait was, however, 

10.5 percentage points lower in efficiency than 
the 0CMIID plant. 

YUa_ Con clusions 

I. The open-cycle MHO system appears to have the 
potential of approoch : rg a 50 percent coa I - 
pi le-to-bus-bar efficiency with a competitive 
cost of electricity: An efficiency of 48.3% 

was obtained for the G.E. Task 2 conceptual 
plant with the average plant lifetime COE 
being the lowest of all plants studied in Task 
2 . 
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2. The Task I and 2 open-cycle MHO studies have 
identified a number of specific subsystems for 
which additional technology development is re- 
quired to reduce costing uncertainties and for 
which additional studies of altenative ap- 
proaches may have a high probability of in- 
creasing the plant efficiency or lowering COE. 

3. The closed-cycle MHO studies, particularly 
those completed during the Task I review, in- 
dicate tltat these systems may have the poten- 
tial of approaching the open-cycle MHO systems 
in both efficiency arid cost. These results 
indicate that additional closed-cycle MHO in- 
vestigations appear warrai ted and also whicn 
general types of plants snould be investigated 
in future system studies. 

4. The liquid-metal MHO studies indicate that 
these plants have a somewhat limited effi- 
ciency and cost of electricity potential. For 
the temperature range studied ( 1 200-1 500°F) , 
they have significantly higher cost of elec- 
tricity and at best only equal efficiency to 
the advanced steam plants investigated. 

Higher temperature Li/He systems would have 
higher efficiency, but even the I400-I500°F 
Li/He plants studied have COE's substantially 
above the low temperature Na/A plants. 

5. The Task 2 studies indicate that only the com- 
bined-cycle plant with an advanced well inte- 
grated gasifier and the high-temperature fuel 
cell topped steam plant appear to have the po- 
tential of achieving both overall energy ef- 
ficiencies and COE's in a range competitive to 
the open-cycle MHO plant. 

VIII. Refere nces 

1. "Energy Conversion Alternatives Study - ECAS - 
Phase 1", 1978, General Electric Company, 
also CR-134943, NASA. 

2. "Energy Conversion Alternatives Study - ECAS - 
Phase I," Volumes 1-12, 1973, Westinghouse, 
also CR-I 3494 I. NASA. 

3. "Comparative Evaluation of Phase I Results 
from the Energy Conversion Alternatives Study 
(ECAS)", TM X- 7 1 355 , 1976, NASA. 

4. "Energy Conversion Alternatives Study - 
Utilities Practices Handbook", Vols. I and 2, 
1975, Burns and Roe, Inc,, Hempstead, NY. 

5. "Study of Advanced Energy Conversion Tech- 
niques for Utility Applications Using Coal or 
Coal-Oerived Fuels - Oral Briefing Document on 
the Results of Task 2", 1976, General Electric 
Company, Schenectady, NY. 

6. "Energy Conversion Alternatives Study (ECAS) 
Westinghouse Phase 2 Oral Report", 1976, 
Westinghouse Electric Corporation. 

7. King, J, M. : "Energy Conversion Alternatives 

Study (ECAS) Integrated Coal Gasification/ 
Molten Carbonate Fuel Cell Power Plant Con- 
ceptual Design Briefing," 1976, United Tech- 
nologies, South Windsor, Conn. 

8. Phen, R. L.; Hays, L. G. ; and Alper, M. E. : 
"Liquid Metal Magnetohydrodynamics (LMMHD) 

Technology Transfer Feasibility Study. Vol- 
ume 1: Sunnviry", JPL-1 200-59-Vol -1 , 1973, 

Jet Propulsion Lab., Pasadera, California; 
also CR- 136197. NASA. 


